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ABSTRACT  (Com tmm*  om  moon*  1/  mrrmory  *m4  UomUfy  Oy  time*  ammOon 

Experiments  during  the  past  three  years  have  concerned  the  generation  and  spectroscopic  study  of 
electron  beam-driven  carbon  plasmas  in  order  to  explore  the  production  of  optical  and  ultraviolet 
radiation  from  nonequilibrium  populations.  A  unique  electron  beam  facility,  the  Michigan  Electron 
Long  Beam  Accelerator,  (MELBA),  has  been  utilized  in  these  investigations.  MELBA  has  been 
operated  with  typical  parameters  of  voltage  =  -0.8  MV,  current  =  6  to  65  kA,  and  pulselengths  of 
about  1  microsecond.  In  this  experimental  configuration,  the  output  of  MELBA  has  been 
connected  to  an  electron  beam  diode  consisung  of  an  aluminum  (or  brass)  cathode  stalk  and  a 
carbon  anode.  Magnetic  field  coils  have  been  designed,  procured,  and  utilized  during  the  final  year 
of  this  project  in  order  to  focus  the  electron  beam.  A  side  viewing  port  permitted  spectroscopic 
diagnostics  to  view  across  the  surface  of  the  anode.  Spectroscopic  diagnosis  has  been  performed 
using  a  1  m  spectrograph  capable  of  operation  from  the  vacuum  ultraviolet  through  the  visible. 

This  spectrograph  is  coupled  to  a  1024  channel  optical  multichannel  analyzer.  Spectroscopic  data 
can  be  summarized  as  follows  (over). 
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Spectra  taken  during  the  initial  400  ns  period  of  the  e-beam  pulse  showed  a  low  effective  charge 
plasma  with  primarily  molecular  components  (C2.  CH)  as  well  as  atomic  hydrogen  and  singly 
ionized  carbon  (CII).  These  constituents  are  probably  due  to  hvdrocarbor.s  on  the  surface  of  the 
cathode  and  anode  as  well  as  absorbed  gases  in  the  graphite.  When  the  generator  pulse  was 
crow  barred  alter  the  first  400  ns,  the  spectra  revealed  a  conunuaDon  of  the  low  charge  state 
plasma.  At  times  greater  than  400  ns  in  non -crow-barred  shots,  the  spectra  revealed  a  highly 
ionized  plasma  with  a  very  large  intensity  line  at  2530  Angstroms  due  to  CIV  (5g-4f;,  and  lower 
intensity  lines  due  to  CIU  and  CI3.  This  CIV  line  emission  increased  with  time,  peaking  sharply 
between  750  ns  and  900  ns,  and  decayed  rapidly  in  less  than  100  ns.  (Other  researchers  at 
National  Bureau  of  Standards  have  shown  the  2530  Angstrom  CIV  (5g-4f)  line  to  be  a  lasing 
transition  in  a  theta  pinch.)  Emission  from  these  high  ionization  states  may  be  due  to  electron 
beam-plasma  instabilities,  as  this  emission  was  accompanied  by  high  levels  of  radio  frequency  and 
microwave  emission.  Tms  high  power  RF  emission  may  play  a  role  in  enhancing  the  energy 
transfer  from  the  electron  beam  to  the  plasma.  At  times  well  after  diode  shorting,  the  emission 
spectra  reveal  a  cooling  and  recombining  plasma  Emission  s;  ectroscopy  performed  with  an 
apphed  magnetic  field  of  500-920  Gauss  yielded  an  overall  increase  in  the  optical  emission 
intensity,  although  the  features  of  the  spectra  were  similar  to  the  unmagnetized  case.  In  the 
magnetized  case,  the  spectroscopic  emission  also  indicated  an  extremely  non-equilibrium  carbon 
plasma  or  plasma  species  which  ha  re  not  yet  been  identified.  Data  analysis  is  underway  to 
determine  whether  population  inversions  were  generated  in  the  magnetized  and  unmagnetized  case. 
A  number  of  other  electron  beam-p.asma  diagnostics  have  been  developed  m  this  research, 
including:  1)  Cerenkov  plate  with  gared- intensified  microchannel  plate  camera,  2)  Laser  deflection 
system.  3)  Radio  Frequency  and  microwave  probes,  4)  Faraday  cups,  and  5)  B-dot  loops.  These 
diagnostics  also  show  that  the  electron  beam  interaction  with  the  dense  carbon  plasma  is  subject  to 
a  strong  electron  beam-plasma  instability.  This  apparent  instability  also  shows  large  fluctuanons  in 
the  cathode  current,  a  spreading  of  the  electron  beam  profile  on  Cerenkov  plates,  and  is  associated 
with  the  phenomenon  of  "voltage  peaking".  Voltage  peaking  behavior  showed  a  large  increase  in 
the  e-bearo  generator  voltage  after  predicted  cathode  shortmg. 

Theoretical  models  have  been  developed  in  order  to  understand  the  emission  from  an  electron 
beam  heated  carbon  plasma  with  special  emphasis  on  the  CIV  5g-4f  transition  occurring  a; 

2530  Angstroms.  This  study  was  motivated  by  the  experiments  earned  out  on  MELBA,  and 
represents  an  attempt  to  understand  the  plasma  response  to  various  electron  beam  parameters.  The 
evolution  of  the  2530  Angstrom  Line  emission  cannot  be  studied  by  only  considering  plasma 
ionization  dynamics  (atomic  physics).  Heating  and  cooling  rates  which  depend  on  the  plasma 
macroscopic  evolution  and  electron  beam-plasma  interactions  are  important  The  complete 
theoretical  model  consists  of  three  coupied  modules  describing  the  plasma  hydrodynamics, 
lomzanon  dynamics,  and  electron  beam, -plasma  interactions.  A  one  dimensional  geometry  w  as 
utilized  and  an  optically  thin  plasma  wav  assumed  in  addition  to  the  absence  of  externally  applied 
electromagnetic  fields.  These  studies  revealed  two  characteristic  responses  of  the  plasma  to 
electron  beam  heating.  Type  A  plasma  occurs  for  "slow"  heating  rates  which  cause  slow  barrier 
humthrough  and  little  heaung  with  the  subsequent  2530  Angstrom  emission  being  of  low  intensity 
1  ype  B  plasma  quickly  bums  through  tne  radiative  emission  barrier  to  reach  temperatures  where 
significant  2530  Angstrom  emission  is  ,  reserved.  Model  results  agree  qualitatively  with  MELBA 
experimental  observations,  indicating  a  Type  A  response. 
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1.0  Executive  Summary 
1.1  Experimental  Program 

Experiments  during  the  past  three  years  have  concerned  the  generation  and  spectroscopic  study  of 
electron  beam-driven  carbon  plasmas  in  order  to  explore  the  production  of  optical  and  ultraviolet 
radiation  from  nonequilibrium  populations.  A  unique  electron  beam  facility,  the, Michigan  Electron 
Long  Beam  Accelerator,  (MELBA),  has  been  utilized  in  these  investigations.  MELBA  has  been 
operated  with  typical  parameters  of  voltage  =  -0.8  MV,  current  =  6  to  65  kA,  and  pulselengths  of 
about  1  microsecond.  In  this  experimental  configuration,  the  output  of  MELBA  has  been 
connected  to  an  electron  beam  diode  consisting  of  an  aluminum  (or  brass)  cathode  stalk  and  a 
carbon  anode.  Magnetic  field  coils  have  been  designed,  procured,  and  utilized  during  the  final  year 
of  this  project  in  order  to  focus  the  electron  beam.  A  side  viewing  port  permitted  spectroscopic 
diagnostics  to  view  across  the  surface  of  the  anode.  Spectroscopic  diagnosis  has  been  performed 
using  a  1  m  spectrograph  capable  of  operation  from  the  vacuum  ultraviolet  through  the  visible. 

This  spectrograph  is  coupled  to  a  1024  channel  optical  multichannel  analyzer.  Spectroscopic  data 
can  be  summarized  as  follows.  Spectra  taken  during  the  initial  400  ns  period  of  the  e-beam  pulse 
showed  a  low  effective  charge  plasma  with  primarily  molecular  components  (C2,  CH)  as  well  as 

atomic  hydrogen  and  singly  ionized  carbon  (CII).  These  constituents  are  probably  due  to 
hydrocarbons  on  the  surface  of  the  cathode  and  anode  as  well  as  absorbed  gases  in  the  graphite. 
When  the  generator  pulse  was  crowbarred  after  the  first  400  ns,  the  spectra  revealed  a  continuation 
of  the  low  charge  state  plasma.  At  times  greater  than  400  ns  in  non-crowbarred  shots,  the  spectra 
revealed  a  highly  ionized  plasma  with  a  very  large  intensity  line  at  2530  Angstroms  due  to  CIV 
(5g-4f),  and  lower  intensity  lines  due  to  CIII  and  CII.  This  CIV  line  emission  increased  with  time, 
peaking  sharply  between  750  ns  and  900  ns,  and  decayed  rapidly  in  less  than  100  ns.  (Other 
researchers  at  National  Bureau  of  Standards  have  shown  the  2530  Angstrom  CIV  (5g-4f)  line  to  be 
a  lasing  transition  in  a  theta  pinch.)  Emission  from  these  high  ionization  states  may  be  due  to 
electron  beam-plasma  instabilities,  as  this  emission  was  accompanied  by  high  levels  of  radio 
frequency  and  microwave  emission.  This  high  power  RF  emission  may  play  a  role  in  enhancing 
the  energy  transfer  from  the  electron  beam  to  the  plasma.  At  times  well  after  diode  shorting,  the 
emission  spectra  reveal  a  cooling  and  recombining  plasma.  Emission  spectroscopy  performed 
with  an  applied  magnetic  field  of  500-920  Gauss  yielded  an  overall  increase  in  the  optical  emission 
intensity,  although  the  features  of  the  spectra  were  similar  to  the  unmagnetized  case.  In  the 
magnetized  case,  the  spectroscopic  emission  also  indicated  an  extremely  non-equilibrium  carbon 
plasma  or  plasma  species  which  have  not  yet  been  identified.  Data  analysis  is  underway  to 
determine  whether  population  inversions  were  generated  in  the  magnetized  and  unmagnetized  case. 
A  number  of  other  electron  beam-plasma  diagnostics  have  been  developed  in  this  research, 
including:  1)  Cerenkov  plate  with  gated-intensified  microchannel  plate  camera,  2)  Laser  deflection 
system,  3)  Radio  Frequency  and  microwave  probes,  4)  Faraday  cups,  and  5)  B-dot  loops.  These 
diagnostics  also  show  that  the  electron  beam  interaction  with  the  dense  carbon  plasma  is  subject  to 


a  strong  electron  beam-plasma  instability.  This  apparent  instability  also  shows  large  fluctuations  in 
the  cathode  current,  a  spreading  of  the  electron  beam  profile  on  Cerenkov  plates,  and  is  associated 
with  the  phenomenon  of  "voltage  peaking".  Voltage  peaking  behavior  showed  a  large  increase  in 
the  e-beam  generator  voltage  after  predicted  cathode  shorting. 

1.2  Theoretica!  Program 

Theoretical  models  have  been  developed  in  order  to  understand  the  emission  from  an  electron  beam 
heated  carbon  plasma  with  special  emphasis  on  the  CFV  (C+++)  5g-4f  transition  occurring  at  2530 
Angstroms.  This  study  was  motivated  by  the  experiments  carried  out  on  MELBA,  and  represents 
an  attempt  to  understand  the  plasma  response  to  various  electron  beam  parameters.  The  evolution 
of  the  2530  Angstrom  line  emission  cannot  be  studied  by  only  considering  plasma  ionization 
dynamics  (atomic  physics).  Heating  and  cooling  rates  which  depend  on  the  plasma  macroscopic 
evolution  and  electron  beam-plasma  interactions  are  important.  The  complete  theoretical  model 
consists  of  three  coupled  modules  describing  the  plasma  hydrodynamics,  ionization  dynamics,  and 
electron  beam-plasma  interactions.  A  one  dimensional  geometry  was  utilized  and  an  optically  thin 
plasma  was  assumed  in  addition  to  the  absence  of  externally  applied  electromagnetic  fields.  These 
studies  revealed  two  characteristic  responses  of  the  plasma  to  electron  beam  heating.  Type  A 
plasma  occurs  for  "slow"  heating  rates  which  cause  slow  barrier  bumthrough  and  little  heating 
with  the  subsequent  2530  Angstrom  emission  being  of  low  intensity.  Type  B  plasma  quickly 
bums  through  the  radiative  emission  barrier  to  reach  temperatures  where  significant  2530 
Angstrom  emission  is  observed.  Model  results  agree  qualitatively  with  MELBA  experimental 
observations,  indicating  a  Type  A  response. 
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2.0  Introduction 

Plasma  use  as  a  lasing  medium  has  many  potential  advantages  over  conventional  techniques 
including  increased  power  levels  and  greater  wavelength  ranges,  particularly  in  the  ultraviolet  and 
soft  X-ray  regimes.  The  basic  concept,  first  proposed  by  Gudzenko*,  is  to  heat  and  then  rapidly 
cool  a  plasma  forcing  inversion  through  bottleneck  creation  between  the  recombination  reaction 
populating  a  given  energy  level  and  the  subsequent  decay  processes.  Much  effort  has  been 
devoted  to  plasmas  heated  by  lasers  2  and  pinch  devices^.  The  ultimate  efficiency  of  laser  driven 
plasma  lasers  is  limited  by  the  relatively  low  efficiency  of  the  laser  used  to  pump  the  plasma.  A 
plasma  laser  driven  directly  by  a  pulsed  power  source  (e.g.  Marx  generator)  has  the  potential  for 
high  efficiency,  compact/light  weight  design,  and  moderate  cost.  The  Soviets  have  investigated 
intense  proton  beam  pumped  plasma  lasers,  however,  the  University  of  Michigan  experiments  are 
the  first  to  explore  the  possibility  of  directly  driving  plasma  emission  by  means  of  a  long-pulse, 
intense,  relativistic  electron  beam. 


1.  L.  I.  Gudzendo  and  L.  A.  Shelepin,  Sov.  Phvs.  JETP  18.  988  (1963).  Also  L.  I.  Gudzenko, 
L.  A.  Shelepin,  and  S.I..  Yakovlenko  in  Proceedings  of  the  P.  N.  Lebedev  Institute.  G.  N. 
Basov,  Ed.,  1977,  Vol.  83. 

2.  For  example  see  S.  Suckewer,  C.  K.  Skinner,  H.  Milchenburg,  C.  Keane,  and  D.  Voorhees, 
Appl.  P-hys.  Lett.  J5.  *753  (1985). 

3.  R.  U.  Dada,  J.  R.  Roberts,  and  M.  Blaha,  J.  Quant.  Spect.  Radiat.  Transfer  16,  1043  (1987). 
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3.1.1.  Marx  Bank 

These  experiments  were  performed  on  the  Michigan  Electron  Long  Beam 
Accelerator  (MELBA).  MELBA  is  driven  by  a  long  pulse  Marx  bank  with  an  additional 
capacitor  stage  designed  for  voltage  compensation  (at  1  MV,  10  kA,  and  1.5  ps).  This 
design,  due  to  Abramyan  [Abr77a,  Smi79]  uses  a  reverse-charged,  ringing  capacitor 
stage  for  voltage  compensation  of  the  natural  Marx  RC  decay  and  decay  from  impedance 
collapse  caused  by  diode  closure.  See  [Gil85,  Luc88]  for  a  description  of  the  generator 
and  further  descriptions  of  voltage  compensation  in  theory  and  practice.  Voltage 
compensation  was  not  an  important  issue  in  the  experiments  performed  in  this  thesis. 
Typical  MELBA  parameters  for  these  experiments  are  peak  voltages  of  -0.8  MV, 
currents  up  to  60  kA,  and  pulselengths  between  0.5  and  4.0  ps  depending  on  gap 
length,  closure  velocity  and  crowbar  setting. 

An  equivalent  circuit  for  MELBA  [Pul83]  with  erected  Marx  and  diode  load  is 
shown  in  Figure  3.1.  In  addition  to  the  physical  components  and  lumped  element  values 
for  the  primary  current  flow  paths,  the  model  includes  parasitic  elements  as  well:  stray 
capacitances,  inherent  inductance  loops,  and  the  effective  Marx  shunt  impedance.  These 
values  were  determined  by  Pulse  Sciences,  Inc.,  for  their  Marx  bank  design  proposal, 
by  a  combination  of  measurements,  empirical  approximations,  and  analytical  estimates. 
A  lumped  element  approach  is  valid  when  the  shortest  characteristic  wavelengths  of  the 
power  pulse  (fastest  frequencies  i.e.  during  the  rise  time),  are  much  greater  than  the 
characteristic  lengths  (frequencies)  of  the  device.  This  condition  is  satisfied  for  the 
MELBA  diode  stalk  dimensions  and  typical  risetimes  by  slightly  greater  than  a  factor  of 
ten 
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e  3.1MELBA  equivalent  circuit  model 


In  addition  to  the  Abramyan  stage,  (here  represented  by  the  elements  subscripted 
A  and  D),  and  the  main  Marx  stage  (subscripts  M),  Figure  3.1  displays  several  machine 
features  important  in  a  discussion  of  the  experiment.  The  crowbar  gap,  a  high  pressure 
SF5  gap  in  parallel  with  the  diode  load,  can  be  command  triggered  with  preset  time 

delays.  The  crowbar  is  intended  to  limit  the  total  energy  delivered  to  the  diode,  after  the 
desired  desired  pulselength  is  obtained,  by  short  circuiting  the  generator.  When  short 
pulses  were  desired,  the  crowbar  would  be  triggered  before  diode  shorting.  Due  to  the 
rapid  impedance  collapse,  crowbarred  operation  beyond  300-500  ns  was  difficult  to 
obtain  for  the  small  gap  experiments  described  in  this  thesis.  In  non -crow  barred  shots 
the  diode  was  allowed  to  short  circuit  before  the  crowbar  was  command  triggered.  This 
is  the  most  common  mode  of  operation  used  here.  This  mode  maximized  energy  and 
current  densities  incident  on  the  anode  and  also  allowed  determination  of  the  plasma 
closure  velocity.  The  diode  load  is  represented  by  the  stalk  inductance  L^,  and  a  diode 
impedance  RL(t)  where  allowance  can  be  made  for  both  time-dependent  inductive  and 
resistive  components.  The  time-dependent  nature  of  the  diode  load  is  due  to  the 
phenomenon  of  cathode  plasma  closure,  which  leads  to  decaying  impedance,  and  other 
phenomena  which  lead  to  changing  impedance.  The  series  (or  ballast!  resistance  Rs,  is 
intended  to  absorb  the  full  generator  energy  in  a  crowbar  or  in  the  event  of  a  diode  short 
circuit.  This  resistance  (2  -  4  ohms)  does  not  have  a  great  effect  on  the  overall 
performance  of  the  device,  as  the  characteristic  impedance  (  2 V  L/C  )  of  the  Marx  is 
14  ohms.  In  Figure  3. 1,  the  voltage  monitor  measures  the  accelerator  voltage  across  the 
tube  capacitance,  output  filter,  crowbar,  and  load,  before  the  tube  inductance.  The  final 
feature  that  should  be  noted  is  the  RC  filter  on  the  Marx  output,  necessary  to  limit  the 
voltage  peak  during  the  initial  risetime  of  the  accelerator. 

The  MELBA  equivalent  circuit  has  been  simulated  using  transient  circuit  analysis 
codes.  Codes  which  have  been  used  are  SCPETRE  and  various  versions  of  SPICE 
[Nag8 1  ].  Figure  3.2  shows  an  early  comparison  [GiI85]  of  theory  and  experiment  for  a 


7 


Figure  3.2.  Comparison  of  SPICE  simulations  of  the  MELBA  equivalent 
circuit  with  experimental  data  for  a  resistive  generator  load. 
The  agreement  is  quite  good,  demonstrating  that  the  circuit 
model  is  satisfactory.  Note  also  the  effect  of  voltage 
compensation,  particularly  in  the  beginning  of  the  pulse. 


resistive  diode  load  (performed  by  Joel  Miller  using  SPICE).  As  can  be  seen,  the 
agreement  is  quite  good,  indicating  that  the  lumped-element  model  is  satisfactory;  some 
minor  differences  indicate  that  additional  transmission  line  effects  or  parasitic  elements 
may  need  to  be  included  for  complete  agreement.  The  generator  short-circuit  current 
predicted  by  this  model  is  about  65  kA  from  SPICE  simulations,  and  this  agrees  with 
peak  experimental  currents  obtained  after  diode  shorting  for  the  short  gap  diodes.  Some 
of  the  circuit  values  have  changed  over  time  and  components  have  failed  and  been 
replaced.  Good  agreement  of  simulation  and  experiment  depended  on  precise  values. 

3.1.2.  Diode  Configuration 

The  diode  configuration  used  for  the  experiments  is  depicted  in  the  cutaway  view 
of  Figure  3.3  (not  to  exact  scale).  Refer  to  the  letters  in  the  figure  in  the  description 
w hich  follow's.  The  incident  power  pulse  from  the  Marx  travels  to  the  right  along  a  blunt 
nosed  cathode  stalk  (a)  (radius  =  5.5  cm)  through  the  accelerator  insulator  and  grading 
ring  stack  (b).  This  cathode  stalk  is  at  the  minimum  electric  field  radius  for  the  coaxial 
cylindrical  geometry.  The  cathode  stalk  is  sprayed  with  Glyptal  to  aid  in  prevention  of 
breakdown  (1201 -A  Red  insulating  Enamel,  Glyptal  Inc.,  Chelsea,  MA  ).  According  to 
work  on  the  prevention  of  high  voltage  breakdown  at  long  pulselengths  at  Sandia 
[San78],  Glyptal  gave  very  good  results,  preventing  emission  up  to  fields  of  200  kV/cm. 
Examination  of  the  cathode  stalk  after  a  run  showed  that  many  emission  sites  were 
visible  along  the  entire  length  of  the  stalk,  with  a  small  melted  aluminum  spot  (0.1  cm 
diameter)  visible  where  the  Glyptal  has  pitted.  These  emission  sites  increased  in  number 
and  severity  as  the  number  of  shots  increased.  Similar  treatment  of  another  cathode  stalk 
used  for  low  current  density  experiments,  revealed  very  few  emission  sites.  The 
differences  could  be  due  to  the  large  amount  of  plasma  formed  in  the  diode  region  during 
these  experiments.  This  type  of  damage  lias  been  observed  in  other  experiments  where 
anode  participation  has  been 
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Figure  3.3.  Cutaway  view  of  primary  diode  configuration  from  above 
showing  Glyptal  coated  cathode  stalk  (a),  diode  insulating 
stack  (b),  voltage  monitor  (c),  aluminum  or  brass  rod 
cathode  (d),  carbon  anode  surfaces  (e),(f),  transverse 
v  "  wing  windows  (g),  transverse  viewing  flange  (h), 
aluminum  diode  chamber  (i),  aluminum  end  flange  1  (j), 
aluminum  end  flange  2  (k),  5  pancake  magnetic  field  coils 
(1),  B-dot  loop  current  diagnostic  (m),  Pearson  coils  (n), 
current  return  path  (o),  insulating  Teflon  spacer  (p),  and 
diffusion  pump  port(q). 
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observed  [Gra85,  Gra86].  Anode  participation  can  lead  to  microparticle  formation  and 
subsequent  deterioration  and  poorer  performance  of  the  cathode  on  succeeding  shots. 

The  experimental  voltage  monitor  (c)  measures  the  voltage  from  the  cathode 
supporting  plate  (where  the  full  machine  voltage  is  applied)  to  ground  across  the 
insulating  stack.  The  rod  cathodes  (d)  were  made  of  brass  or  aluminum,  with  a  radius,  r 
=  0.6  cm.  Anode -cathode  (AK)  gaps  for  the  short  gap  experiments  ranged  from  3.1  to 
4.2  cm.  This  low  aspect  ratio  diode  design  was  chosen  to  increase  the  current  density 
over  the  early  large  gap  experiments,  but  was  intended  to  minimize  the  total  current  and 
rate  of  impedance  collapse  in  an  attempt  to  retain  some  ability  to  crowbar  the  pulses. 
This  was  only  moderately  successful.  An  important  consideration  in  the  selection  of  the 
cathode  material  was  the  choice  of  different  materials  for  the  anode  and  cathode,  which 
enabled  spectroscopic  identification  of  the  sources  of  the  diode  plasma.  In  the  early  large 
gap  experiments,  carbon  brush  or  velvet  was  necessary  to  aid  in  field  enhancement. 
Differentiation  between  cathode  and  anode  plasma  light  was  difficult  under  these 
conditions.  The  rod  cathode  has  very  high  electric  fields  which  aid  in  cathode  turn-on. 
A  disadvantage  to  this  design  was  that  the  geometry  dependent  effects  on  the  diode 
impedance  were  difficult  to  estimate  analytically. 

The  anode  (e),(f)  was  extended  to  allow  the  surface  region  of  most  intense 
electron  bombardment  to  be  observed  through  the  transverse  windows  (g)  mounted  on 
aluminum  flange  (h).  Part  (e)  was  Poco  graphite  HPD-1,  part  (0  Poco  graphite  AXF- 
5Q  (Poco  Graphite  Inc.,  Decatur,  TX).  The  large  graphite  block  (e)  (17.8  cm  diameter, 
6  cm  thick)  was  mounted  on  end  flange  (k).  This  assembly  was  removeable  for 
insertion  of  a  light  source  to  align  the  spectroscopic  optics.  In  experiments  described 
below  in  section  3.2.2,  the  solid  anodes  as  shown  in  this  figure,  were  modified  to  allow 
the  beam  to  be  extracted  through  apertures  for  measurements  of  the  beam  dynamics.  The 
transverse  viewing  flange  (h)  was  successful  in  reducing  the  amount  of  direct  electron 
flux  incident  on  the  transverse  viewing  windows  (g). 
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The  diode  resides  in  an  all  aluminum  chamber  (i)  (inner  radius  =  19.45  cm), 
whose  side  walls  and  end  flanges  (j),(k)  are  quite  thick  (0.8  cm  and  2.54  cm 
respectively).  The  conductivity  and  thickness  of  the  diode  chamber  posed  special 
problems  in  the  design  and  fabrication  of  the  pulsed  magnetic  field  coils  0)-  Much  of  the 
data  taken  was  w  ithout  a  magnetic  field  except  where  noted.  Shown  in  the  figure  is  a 
coil  configuration  which  will  give  a  field  in  the  AK  gap  region,  uniform  to  1%  from  DC 
measurements.  (Magnetic  diffusion  effects  increase  field  uniformity  over  this  value). 
Other  spatial  configurations  are  possible  due  to  the  pancake  nature  of  the  coils  and 
overhead  adjustment  rail.  Different  field  strengths  could  be  obtained  using  different 
charging  voltages  on  the  capacitors,  or  using  different  timing  delays  between  the  bank 
and  Marx  trigger.  These  coils  had  to  be  designed  with  enough  inductance  so  that  the 
current  pulse  would  be  slow  enough  to  allow  magnetic  field  diffusion  through  the 
chamber.  A  large  inductance  implies  a  larger  coil  resistance  which  will  reduce  the 
percentage  of  capacitor  bank  energy  that  is  converted  to  magnetic  field  energy.  These 
magnet  design  issues  and  bank  details  are  more  fully  discussed  in  Appendix  A. 

The  total  cathode  stalk  current  was  measured  with  a  B-dot  loop  (m)  which 
extended  through  the  front  flange  of  the  Marx  oil  tank.  The  signal  was  integrated  at  the 
Faraday  cage  with  a  nominally  20  (is  integrator  yielding  a  signal  proportional  to  current. 
This  B-dot  loop  responded  to  the  time  changing  azimuthal  field  created  by  the  current 
traveling  along  the  cathode  stalk  and  was  calibrated  in-situ  with  a  current  return  path  as 
close  as  possible  to  the  experimental  one.  The  current  from  the  diode  which  flows  to  the 
front  anode  plate  (tube  return  current)  was  measured  using  current  transformers  (n) 
(Pearson  Electronics  110A,  Palo  Alto,  CA)  placed  on  4  azimuthally  spaced,  low- 
inductance  current  return  paths  (o).  These  return  paths  were  isolated  by  using  insulated 
bolts  and  a  Teflon  spacer  (p).  These  4  return  paths  were  located  60°  above  and  below 
the  two  transverse  viewing  windows  which  were  directly  on  the  machine  centerline. 
Further  details  on  the  accelerator  electrical  diagnostics  are  given  in  section  3.2.1. 
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The  diode  chamber  was  evacuated  by  a  roughing  pump  (typical  hydrocarbon- 
based  pump  oils)  and  a  diffusion  pump  (silicon-based  oils)  through  the  port  (q) ,  directly 
below  the  cathode  stalk  in  the  figure.  The  diode  pressure  was  always  less  than  1(H  torr 
before  firing  the  Marx.  Not  shown  in  the  figure  are  the  x-ray  monitor  and  x-ray  pinhole 
camera  which  were  used  on  occasion.  These  diagnostics  were  set  up  to  view  the  end 
flanges.  The  entire  chamber  except  for  the  end  flanges,  was  covered  with  2  cm  of  lead 
shielding.  Line  of  sight  from  the  end  flange  to  the  operator  area  was  also  well  shielded 
with  lead  bricks  and  sheets. 

This  diode  configuration  has  been  simulated  using  the  code  EGUN. 

The  code  is  somewhat  borderline  in  its  usefulness  for  high  current  intense 
beam  diodes.  If  a  great  deal  of  care  is  taken  to  ensure  convergence  of  the  code,  some 
quantitative  results  can  be  obtained  In  Figure  3.4,  the  initial  cathode  surface  electric 
field  enhancement  profile  (no  electron  space  charge)  for  the  small  gap  diode  is  shown. 
The  units  are  kV/cm  per  kV  applied  to  the  cathode.  The  distance  scale  for  the  figure  is 
0.25  cm/mesh  unit.  The  cathode  surface  will  not  field-emit  for  fields  of  =  100  kV/cm 
and  lower. 

3.2.  Diagnostics 

3.2.1.  Electrical  Diagnostics 

Interpretation  of  the  electrical  diagnostics  form  an  important  basis  of  the  theory  for 
these  experiments.  As  described  in  the  introduction,  the  beam-plasma  interaction  is 
taking  place  within  the  diode.  The  investigations  are  concerned  primarily  with  the  anode 
plasma  which  is  visible  through  the  transverse  viewing  windows  described  above  in 
section  3.1.2.  The  anode  plasma  which  is  formed  has  an  effect  on  the  impedance 
evolution  of  the  diode.  However,  the  motion  of  the  cathode  plasma  allows  it  to  come 
into  view  as  well.  In  order  to  interpret  the  signals  from  the  plasma  diagnostics  described 
below,  the  electrical  diagnostics  can  be  used  in  conjunction  with  a  suitable  model  of  the 
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AGNET 1C  F I  ELD 


electron  space  charge  effects),  for  a 
ile  is  normalized  to  the  gap  voltage. 


diode  impedance  to  predict  the  velocity  of  the  cathode  plasma, 

and  therefore  when  shorting  can  be  expected  to  occur.  In  addition,  understanding  and 
modeling  the  modification  of  the  diode  impedance  evolution  and  stability  (and  thereby 
the  diode  electrical  signals)  in  response  to  the  plasma  formation  is  of  interest  in  its  own 
right. 

The  voltage  monitor  measured  across  the  diode  insulating  stack,  but  before  the 
cathode  stalk.  The  voltage  correction  due  to  inductive  drop  on  the  cathode  stalk  was 
always  less  than  5%  due  to  the  slow  risetimes  and  was  therefore  neglected.  This  voltage 
monitor  was  a  balanced,  water  solution  (CU2SO4)  resistive  divider  which  gave  a  factor 
of  179:1  attenuation.  A  resistive  divider  using  carbon  resistors  gave  another  factor  of  = 
88:1  with  another  factor  of  10  introduced  at  the  screen  room.  This  gave  a  nominal 
attenuation  of  160,000.  Normally,  the  voltage  was  split  for  display  on  two  scopes,  and 
terminated  in  50  £1  In  this  case,  actual  external  calibration  of  the  voltage  monitor  gave 
the  factor  308  kV/Volt 

The  current  flowing  to  the  front  anode  plate  (tube  return  current)  was  measured  by 
wide-band  current  transformers  (Pearson  Electronics  1 10A)  on  four  isolated  current 
return  paths  which  were  summed  at  the  Faraday  cage  using  50  £2  RF  power  ferrite  core 
adders  (Mini-Circuits  ZSC2-2,  Brooklyn,  NY).  The  signal  from  each  Pearson  monitor 
was  attenuated  by  a  factor  of  100.  These  four  signals  were  summed  two  at  a  time  with 
separate  adders.  These  two  signals  were  in  turn  summed  with  a  third  power  adder. 
Each  adder  introduced  between  3.3  and  3.6  dB  attenuation  depending  on  the  frequency 
in  the  range  2  KHz  to  60  MHz.  The  Final  signal  was  attenuated  by  another  factor  of  10, 
before  display  on  the  scope  (50  £2  termination).  The  calibration  of  the  entire  combination 
was  25.0  ±0.7  mV/kA.  Care  must  be  taken  in  the  use  of  these  RF  adders.  When  used 
in  the  configuration  for  the  Mimov  coil  position  monitors,  extra  50  £2  terminators  have 
been  added,  which  change  the  calibration  to  12.4  ±0.3  mv/kA. 
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After  shot  Ml  105,  the  total  Marx  current  could  also  be  measured  by  integrating 
the  signal  from  a  calibrated  B-dot  loop  The  B-dot  loop  responds  to  the  time¬ 

changing  azimuthal  magnetic  field  due  to  the  current  flowing  in  the  entire  cathode  stalk, 
and  is  integrated  to  yield  a  signal  proportional  to  current.  This  current  is  the  principal 
one  of  interest  when  comparison  of  generator  performance  with  its  equivalent  circuit 
performance  is  desired.  The  L/R  risetime  for  this  diagnostic  was  7.0  ns,  corresponding 
to  a  bandwidth  of  143  MHz,  giving  a  much  faster  response  than  the  above  current 
diagnostic.  In  these  experiments,  the  monitor  shows  very  large  fluctuations  after  400- 
600  ns  which  may  be  due  to  the  presence  of  an  instability  in  the  diode,  (diuing  which 
time  RF  emission  is  also  detected  from  the  diode).  As  a  result  of  these  fluctuations,  the 
diode  current  is  normally  viewed  with  a  20  MHz  scope  input  filter  switched  on  to  aid  in 
digitizing.  The  calibration  factor  for  this  diagnostic,  when  integrated  by  a  20.5  (is  RC 

3.2.2.  Particle/Beam  Diagnostics 

Cerenkov  Convertor 

To  obtain  a  time-resolved  photograph  of  the  beam  current  density  profile,  a 
Cerenkov  plate  diagnostic  was  used  with  a  gated  microchannel  plate  image  intensifier 
tube  camera.  Time-integrated  photographs  are  obtained  using  an  open  shutter  camera. 
The  experimental  configuration  is  shown  in  Figure  3.5.  Refer  to  this  figure  in  the 
discussion  which  follows.  The  anode  configuration  used  allowed  the  beam  to  be 
extracted  through  a  carbon  mask  (normally  Poco  HPD-1)  with  an  array  of  apertures  (b). 
The  values  used  for  hole  diameter,  mask  width,  and  drift  distance,  and  the  criteria 
involved  in  selecting  these  properly  are  discussed  below.  This  mask  is  placed  in  the  the 
diode  chamber  (a)  prior  to  putting  on  the  large  aluminum  end  flanges.  The  carbon  mask 
insert  (10.2  cm  diameter  -  a  snug  press  fit,  0.7  cm  thick)  is  pulled  flush  with  the  surface 
of  the  extended  carbon  piece  (also  HPD-1)  (c)  and  screwed  into  place  from  behind.  This 
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Figure  3.5.  Experimental  configuration  for  beam  dynamics 
measurements  showing  the  diode  chamber  (a),  apertured 
carbon  beam  mask  anode  insert  (in  position)  (b),  extended 
carbon  anode  (c),  Cerenkov  plate-glass  convertor  (d),  open 
shutter  camera  position  (e),  lead  shield  (f),  turning  mirror 
position  for  open  shutter  camera  (g),  turning  mirror  position 
for  gated  camera  (h),  intensifier-tube  gated  camera  (i), 
telescope  (j),  lead  bunker  (k).  Also  shown  is  a  view  of  a 
typical  mask. 
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procedure  enabled  spectroscopic  optics  to  be  aligned  as  well.  (The  screws  are  loosely 
threaded  to  prevent  cracking  of  the  insert  when  thermal  expansion  occurs  during  the 
pulses).  These  apertures  caused  no  observable  differences  in  diode  behavior.  A  blowup 
of  a  typical  mask  is  also  shown  in  Figure  3.5.  The  masks  had  an  aperture  at  the  center, 
and  one  or  two  rings  of  eight  apertures  at  2  and  4  cm  radius,  each  aperture  spaced  45° 

apart.  The  outer  two  rings  were  rotated  22.5°  from  each  other  so  that  the  bcamlet  images 
would  not  overlap  on  the  Cerenkov  plate.  The  use  of  inserts  allowed  precise 
determination  of  the  amount  of  carbon  lost  by  weighing  with  an  analytical  balance  before 
and  after  (keeping  in  mind  that  the  majority  of  the  erosion  comes  after  the  pulse  in  the  arc) 

Alter  entering  the  mask,  the  electrons  drift  until  they  strike  a  2  cm  thick  plate  glass.  To 
prevent  the  photography  of  diode  plasma  light,  the  side  of  the  glass  plate  facing  the  mask 
was  coated  with  a  multiple  layers  (3-4)  of  Aerodag,  a  colloidal  carbon  spray  (Aerodag 
G,  Acheson  Colloids,  Port  Huron,  M3),  until  it  was  opaque. 

Both  time-integrated  and  time-resolved  pictures  are  taken  of  the  beamlet  images. 
Time-integrated  pictures  were  obtained  using  an  open-shutter  camera  (e),  and  a  turning 
mirror  (g).  No  fogging  of  Film  was  observed  when  the  camera  was  shielded  with  one 
sheet  of  0.3  cm  thick  lead  (f).  Type  57  Polaroid  film  was  used  with  an  f-stop  of  22.  No 
exposure  was  obtained  with  type  55  P/N.  Time-resolved  pictures  are  taken  with  a  image 
intensifier  tube  camera  (i),  developed  using  plans  from  NRL  [Hau85].  The  image  was 
also  turned  in  a  mirror  (h),  and  expanded  using  a  pair  of  lenses  (j)  as  a  telescope.  The 
camera  was  located  in  a  completely  enclosing  lead  bunker  (k)  (side  wall  thickness  =  5 
cm,  top  and  bottom  thickness  =  0.6  cm)  to  shield  the  microchannel  plate/intensifier  tube 
combination  from  x-rays,  which  would  completely  saturate  the  film.  Other  experimental 
details  are  the  same  as  in  previous  discussions. 

The  gated  camera  consisted  of  a  conventional  Hasselblad  single-lens-reflex  camera 
with  80-mm  lens,  (normally  used  with  8  mm  extension  tube),  and  a  Polaroid  film  back. 
A  gateable,  proximity -foe used,  image  intensifier  tube  is  located  between  the  camera  and 
film  back. 
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Two  techniques  were  used  to  directly  measure  the  particle  (and  plasma)  currents 
entering  the  mask.  A  second  isolated  current  return  path  was  set  up  in  place  of  the 
Cerenkov  plate,  through  which  the  mask  beamlet  return  current  was  measured  using  a 
Pearson  coil.  Since  the  area  of  the  apertures  is  known,  the  averaged  current  density  on 
the  anode  is  approximately  given  by  the  total  measured  current  divided  by  that  area. 
Some  estimate  should  be  made  as  to  whether  any  of  the  current  is  being  captured  by  the 
mask  apertures.  To  that  end  masks  with  very  large  apertures  were  used.  Different 
apertures  patterns  could  be  used  to  investigate  the  currents  at  different  radii.  This 
implementation,  proved  to  be  quite  noisy.  A  fast  response  time  Faraday  cup  was  also 
used  in  place  of  the  isolated  current  return  path.  This  Faraday  cup  was  developed  by 
Smutek  [Smu86]  using  plans  of  Pellinen’s  [Pel70],  The  direct  measurement  of  particle 
current  supplements  the  Cerenkov  measurements. 

3.2.3.  Plasma  Diagnostics 

Diagnostics  which  concern  the  measurement  of  diode  plasma  properties  are 
discussed  in  this  section.  The  principal  diagnostic  technique  used  for  the  largest  portion 
of  this  research  was  time-resolved  plasma  emission  spectroscopy.  A  helium-neon  laser 
deflection  diagnostic  has  also  been  used  to  obtain  some  qualitative  plasma  information. 
Simple  B-dot  loops  have  been  used  to  investigate  diode  RF  emissions.  A  streak  camera, 
open  shutter  camera  and  a  pin  diode  have  been  used  to  obtain  further  information  about 
diode  plasma  visible  optical  emissions. 

Spectroscopy 

RcW  to  Figure  3  6  and  the  following  discussion  for  the  experimental  set  up  used 
for  spectroscopy.  The  optical  emissions  from  the  plasmas  in  the  diode  chamber  (a)  were 
imaged  with  a  lens  (b)  (plano-convex,  focal  length  =  25.4  cm)  onto  the  entrance  slit  of  a 
spccLiograph  (c)  via  turning  mirrors  (d)  and  an  initial  collecting  iens  (e)  (plano-convex, 
focal  length  =  60  cm).  The  spectroscopic  equipment  was  located  in  a  lead  faced  Faraday 
cage  (0,  necessitated  by  the  x  ray  and  electromagnetic  noise  environment  associated  with 
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Figure  3.6.  Experimental  set  up  for  spectroscopy,  showing  the  diode 
chamber  (a),  collecting  lens  (b),  turning  mirrors  (c),  imaging 
lens  (d),  spectrograph  (e),  lead-faced  Faraday  cage  (f),  optical 
multichannel  analyzer  (OMA)  (g),  and  the  photomultiplier  tube 
(PMT)  (h). 
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pulsed  power  accelerators.  The  distance  over  which  the  optical  signal  was  transported 
was  about  13.5  m.  There  were  two  spectrographs  available  during  different  periods  of 
this  research.  Initially  a  0.275  m  monochrometer  (Jarrell-Ash  Monospec  27)  was 
coupled  to  a  1024  channel  optical  multichannel  analyzer  (OMA)  (Tracor-Northem  TN- 
6500  series,  with  6100  series  detector  head,  and  6130-1  pulse  driver)  (g).  This 
configuration  had  maximum  resolutions  of  about  0.7  and  1.4  A  per  channel  depending 
on  the  grating  used  (600  grooves/mm  or  1200  grooves/mm).  In  practice  this  meant  the 
system  was  able  to  resolve  individual  peaks  when  they  were  about  10  A  or  greater  apart. 
Although  the  individual  peaks  were  often  overlapping  and  identification  was  sometimes 
difficult  due  to  the  many  species  present,  a  broad  spectral  emission  overview  of  about 
750  A  or  1500  A  could  be  obtained.  A  1-m  monochrometer  was  obtained  later  in  the 
investigations  (Acton  Research  Corporation  VM-510,  Acton,  MA).  When  coupled  to  the 
OMA  maximum  resolutions  of  about  0.2  and  0.4  A  per  channel  were  possible, 
depending  on  the  grating  used.  Spectral  widths  of  about  200  -  400  A  were  obtained.  In 
addition  to  the  use  with  the  OMA,  the  Acton  had  a  side  port  which  was  equipped  with  a 
uv-sensitive  photomultiplier  tube  (sodium  salicylate  coating  on  the  entrance  window) 
(h). 

The  ability  of  the  monochrometer  to  resolve  individual  peaks  depended  on  the  size 
of  the  initial  slit.  There  was  a  tradeoff  of  spectrograph  resolution  versus  total  light 
intensity  detected.  Particularly  for  the  smaller  gate  widths  of  200  ns,  the  smallest  slit 
widths  were  marginal  as  far  as  counts  from  detected  light  Typical  slit  widths  used  were 
200  pm,  although  some  spectra  were  taken  as  low  as  80  pm.  The  broad  slits  were  often 
adequate  for  temperature  estimates,  if  peaks  were  adequately  separated,  whereas  the 
narrow  slits  were  needed  to  perform  density  estimates  from  broadening.  Tom  Repetti 
has  done  calculations  and  measurements  of  the  spectral  system  response  which  show 
that  at  100  pm  slit  widths,  a  delta  function  spectral  peak  input  (one  of  the  Penray 
wavelength  calibration  lamps),  will  give  about  5  channels  width  out  (about  2  A),  the 
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minimum  achievable.  Any  decrease  in  slit  width  below  this  results  only  in  a  loss  of  light 
and  little  increase  in  resolution.  In  these  experiments  the  spectral  resolution  was 
dominated  by  the  slit  widths. 

The  OMA  consisted  of  a  1024  channel,  time-gateable,  intensified,  photodiode 
array.  OMA  gates  could  be  set  with  arbitrary  delay  relative  to  some  starting  time.  Gate 
widths  as  small  as  100  ns  could  be  obtained,  however,  in  order  to  obtain  higher  signal  to 
noise  ratios,  gate  widths  of  200-500  ns  and  larger  were  used.  The  gate-out  monitor 
from  the  pulse  driver,  was  routinely  displayed  on  an  oscilloscope  with  the  accelerator 
voltage.  Due  to  the  rapid  time-evolution  of  the  processes  in  the  diode,  and  the  different 
physical  processes  that  occur,  the  time-resolving  ability  of  the  diagnostic  is  quite 
important.  Conclusions  based  on  time-integrated  spectra,  or  spectra  obtained  with  long 
gates  can  be  misleading.  To  correct  for  timing  differences,  the  OMA  gate  is  moved  out 
16  ns  with  respect  to  the  voltage  trace,  a  correction  which  is  fairly  unimportant  for  most 
spectra  obtained  due  to  the  long  time  scales  of  interest.  This  number  is  obtained  by 
comparing  the  delay  of  propagation  for  the  electrical  signal  to  the  scope  through  12.2  m 
of  cable  at  0.66c  (61  ns),  and  the  delay  of  light  propagation  along  the  slightly  longer 
optical  path  of  13.5  m  at  c  (45  ns). 

The  optical  system  was  calibrated  for  relative  peak  height  intensity  with  a 
calibrated  irradiant  standard,  a  tungsten  filament  lamp  (Optronic  Laboratories  Inc., 
Model  245A,  Orlando,  Fla.).  This  accounted  for  the  wavelength  dependent  response  of 
the  chamber  windows,  optics,  gratings,  and  OMA  detector  diodes.  The  lamp  was  placed 
in  the  diode  chamber  and  so  was  used  to  simultaneously  align  and  calibrate  the  optics. 
This  calibration  was  important  for  determination  of  temperatures  from  relative  peak 
heights.  In  the  case  of  the  Jarell-Ash  spectrograph,  this  was  because  the  region  of  the 
spectra  that  was  viewed  was  so  wide,  while  for  the  case  of  ultraviolet  spectroscopy  with 
the  Acton,  because  the  diode  sensitivity  fell  off  with  decreasing  wavelength.  After  two 
years  of  operation,  the  diodes  on  the  right  side  of  the  detector  array  (higher  wavelength. 
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about  the  rightmost  100  channels)  were  discovered  to  have  a  reduced  sensitivity  by  a 
factor  of  two  relative  to  the  left  side.  Intensity  calibration  now  became  particularly 
important.  Spectral  peaks  of  interest  were  positioned  using  the  grating  settings  so  that 
they  fell  outside  this  region.  Calibration  had  an  effect  on  relative  peak  height  ratios  by  as 
much  as  a  factor  of  10  for  widely  spaced  peaks  in  the  ultraviolet.  The  detector  diodes 
were  calibrated  for  wavelength  using  a  krypton,  mercury  or  neon,  low  pressure  gas 
discharge  lamp  (Oriel,  models  6031,  6035,  6032)  depending  on  the  wavelength  region 
being  studied. 

The  optical  axis  for  these  experiments  was  typically  aligned  0.1  cm  off  of  the 
anode  face,  directly  at  the  diode  axis  (1 12.5  cm).  The  anodes  (normally  Poco  graphite, 
grade  HPD- 1 )  were  extended  into  the  transverse  window  field  of  view  so  that  it  could  be 
observed  directly  across  its  face,  at  presumably  the  most  dense  part  of  the  plasma.  In 
some  early  experiments,  plasma  could  only  be  viewed  about  2  cm  off  the  anode  face; 
measurements  gave  very  low  intensity  light  emissions  from  principally  molecular 
components.  Those  early  experiments  also  showed  the  importance  of  shielding  the 
window  from  incident  electron  flux,  so  as  to  avoid  the  increase  in  continuum  due  to 
Cerenkov  radiation.  As  discussed  above,  in  section  3.1.2,  the  windows  are  located  in  a 
flange  designed  to  shield  them  from  the  electron  flux.  The  windows  employed  in  the 
earliest  visible  spectroscopy  experiments  were  acrylic  and  had  a  cut  off  for  transmission 
below  about  3800  A,  which  is  readily  apparent  in  those  spectra.  In  spectroscopic 
studies  below  this  cutoff,  quartz  windows  and  lenses  were  used.  See  section  4.3  for  a 
discussion  of  the  optical  system  spatial  sensitivity. 
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A  laser  deflection  technique  was  also  used  to  study  time-resolved  diode  plasma 
behavior.  This  technique  is  sensitive  to  the  index  of  refraction  gradient  of  a  fast-pulsed 
plasma  [Enl87],  and  can  be  used  to  obtain  the  line  density  at  a  particular  axial  location  as 
a  function  of  time.  Since  the  index  of  refraction  of  plasma  is  opposite  in  sign  to  that  of 
neutral  material  the  overall  composition  can  also  be  determined.  Calculations  show  that 
the  sensitivity  of  this  diagnostic  compares  very  favorably  with  both  schlieren 
photography  and  holographic  interferometry  [Enl87]. 

The  experimental  configuration  for  the  deflection  diagnostic,  is  shown  in  Figure 
3.7.  Refer  to  that  figure  in  the  discussion  which  follows.  The  basis  for  the  method  is  a 
very  fast  differential  amplifier  circuit  (b)  connected  to  a  photodiode  quadrant  detector 
(Silicon  Detector  Corporation  SD-380-23-2 1-051).  Opposite  pairs  of  quadrants  are 
shorted  and  the  circuit  is  designed  so  that  the  output  from  the  amplifiers  is  proportional 
to  the  deflection  of  the  laser  beam  (c)  from  an  initial  zero  position.  A  5  mW  He-Ne  laser 
(Jodon  HN-2SHP)  is  directed  across  the  face  of  the  extended  carbon  anode  in  the  diode 
chamber  (a)  at  distances  from  0. 1-0.4  cm.  The  laser  and  circuit  are  mounted  on 
micrometers  (d)  to  aid  in  zeroing  the  initial  signal,  for  calibration,  and  for  scanning 
measurements  in  the  axial  direction.  As  setup  for  these  experiments,  the  deflection  is  due 
to  axial  gradients.  Note  that  the  diagnostic  could  also  be  setup  to  detect  radial  gradients. 
To  maximize  sensitivity  to  the  He-Ne  laser  beam,  a  He-Ne  line  filter  is  used.  The  beam 
is  diverted  in  a  turning  mirror  (e)  so  that  the  photodiode  detector  is  out  of  line  of  sight 
from  the  diode  windows.  The  circuit  was  located  a  distance  of  about  1  -  1 .5  m  away 
(distance  measured  along  the  laser  path)  from  the  center  of  the  diode,  in  a  lead  bunker 
(f)  to  shield  the  photodiode  and  active  circuit  elements  from  x-rays.  A  distance  of  about 
3  m.  gives  the  most  sensitivity,  which  is  a  combination  of  total  angular  deflection  and 
laser  power  density  incident  on  the  photodiode  quadrant  detector. 
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Figure  3.7.  Experimental  configuration  for  He-Ne  deflection  showing  the 
diode  chamber  (a), fast  differential  amplification  circuit  (b),  5 
mW  He-Ne  laser  and  beam(c),  micrometers  (d), turning 
mirrors  (e),  lead  wall  (0,  and  ground  shield  for  signal  cable 
(g). 
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The  transverse  windows  allowed  observation  and  measurement  of  the  RF 
emission  escaping  from  the  diode  chamber.  The  cutoff  frequency  for  the  dimension 
along  the  beam  axis  (1.27  cm)  was  1.0  GHz,  while  for  the  long  dimension  transverse  to 
the  beam  axis  (14.0  cm)  was  10.1  GHz.  The  radiation  was  observed  with  B-dot  loops. 
The  signals  were  either  transported  to  an  calibrated  S-band  microwave  detection  system 
[Luc88]  in  a  calibrated  RG-8  cable  or  transported  to  the  screen  room  in  RG-58  and 
displayed  on  an  oscilloscope  using  a  simple  RF  rectification  circuit  The  signals  could 
also  be  analyzed  with  a  calibrated  band  pass  analyzer  circuit  [Luc88]  for  frequencies 
below  400  MHz. 

Miscellaneous  Diagnostics 

Also  used  for  further  diagnosis  of  the  plasmas  in  the  diode  are  a  streak  camera, 


pin  diodes  and  open  shutter  cameras.  Further  information  about  beam  profile  was 
obtained  from  an  x-ray  pinhole  camera. 


4.0  Experimental  Results 

4.1  Optical  and  Ultraviolet  Spectroscopy  of  Electron 
Beam  Driven  Plasmas 

The  plasma  produced  in  the  diode  was  investigated  with  emission  spectroscopy  as  described  in 
section  3.3.3  in  both  crowbarred  and  non-crow  barred  shots  in  the  ultra-violet  (180  -  350  nm)  and 
visible  (350  -  650  nm)  region  of  the  electromagnetic  spectrum.  Emission  spectroscopy  was  also 
performed  on  shots  which  had  an  applied  axial  magnetic  field.  Time  resolved  as  well  as  time 
integrated  spectra  were  obtained.  Through  calibration  studies  it  was  determined  that  the  region 
approximately  2mm  in  front  of  the  anode  surface  was  observed.  Note  however  that  light  from  a 
cathode  plasma  could  be  reflected  from  the  face  of  the  anode  and  into  the  field  of  view  of  the 
collection  optics  making  it  difficult  to  identify  the  origin  of  the  plasma  light.  Line  identification  of 
the  collected  emission  spectra  was  made  by  comparing  the  observed  lines  to  those  tabulated  by 
Strignakovl  for  atomic  emission  and  Pierce^  for  molecular  species. 

Time  resolved  emission  spectroscopy  of  crowbarred  shots  before  diode  shorting  had  occured 
revealed  emission  from  molecular  carbon  (the  Swan  and  Deslandres  systems)  as  well  as  CH,  CD 

(singly  ionized  carbon)  and  Hp  (Figure  4.1).  These  species  are  typical  components  expected  from 

hydrocarbon  impurity  'cracking'  and  may  have  originated  from  cathode  or  anode  surface 
impurities.  The  average  charge  state  of  the  observed  material  is  quite  low,  with  much  molecular 
emission  observed  both  before  and  after  shorting.  Figure  4.2  shows  the  resulting  spectrum  taken 
during  and  after  shorting.  No  cathode  material  (brass  or  aluminium)  was  ever  detected  for 
crowbarred  shots.  This  may  mean  that  the  cathode  and/or  anode  plasmas  are  formed  primarily  from 
surface  impurities,  or  that  emission  from  the  metal  cathodes  was  not  bright  enough  to  be  detected. 
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Figure  4. 1  Data  from  a  shot  crowbarred  before  RF  emission  including  the  voltage  with  the  OMA 
gate  and  the  spectra  obtained  with  the  OMA  gate  before  diode  shorting 
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Figure  4.2  Data  from  a  shot  crowbarred  before  RF  emission  including  the  voltage  with  the  OMA 
gate  and  the  spectra  obtained  with  the  OMA  gate  during/after  diode  shorting. 


(In  general  however,  even  small  amounts  of  metal  impurities  result  in  very  bright  metal  line 
emission.) 

Spectra  obtained  during  time  integrated  (0  -  2  ps)  wavelength  scan  of  non-crowbarred  shots 
revealed  bright  emission  from  a  highly  ionized  plasma,  with  charge  states  All,  AUI,  Alin,  AUV, 
Cl,  CII,  Cm,  and  CIV  over  the  range  of  180  to  420  nm  (Figure  4.3).  Initially,  time  resolved 
emission  studies  in  the  visible  (360  nm  to  600  nm)  in  time  gates  of  one  microsecond  generally 
resulted  in  negligible  amounts  of  light  produced  in  the  first  microsecond  followed  by  a  plasma 
consisting  of  mainly  CD  and  CIII  which  cools  and  recombines  to  form  neutral  carbon  (Figures  4.4 
and  4.5).  A  time  resolved  study  of  the  ultra-violet  region  of  the  electromagnetic  spectrum  on  the 
other  hand  indicated  that  CIV  emission  dominated  during  the  first  microsecond  (Figure  4.6).  The 
CIV  line  at  252.9  nm  first  occurred  at  about  500  ns  (diode  shorting),  peaked  sharply  between  750 
and  900  ns  and  decayed  rapidly  in  less  than  200  ns.  This  line  did  not  reappear  as  might  be 
expected  if  the  plasma  was  ionized  past  CIV  and  cooled  off  later  in  time.  As  CIV  diminished,  CIII 
and  CD  increased.  Note  that  the  appearance  of  CIV  coincides  with  the  appearances  of  voltage 
peaking  and  strong  RF  emissions  (to  be  discussed  in  the  following  section)  which  signifies  a 
beam-plasma  instability  and  more  efficient  coupling  of  beam  energy  to  the  plasma  through 
collective  effects^  or  more  probably  due  to  RF  enhanced  ionization.^ 

A  more  careful  time  resolved  study  of  the  light  emission  in  various  wavelength  regions  was 
performed  and  the  results  are  summarized  in  Figure  4.7.  Figure  4.7a  shows  a  comparison  of  the 
time  behavior  of  the  peak  intensities  of  the  CII  line  at  o58.7  nm  and  359.1  nm  and  the  CHI  line  at 

360.9  nm.  Figure  4.7b  shows  the  time  behavior  of  the  Hq  line  at  653.2  nm  and  two  CII  lines  at 

657.6  nm  and  658. 1  nm.  Figure  4.7c  shows  the  time  behavior  of  Cl  at  566.9  nm,  CII  at  564.8 
nm,  CIII  at  569.6  nm  and  CIV  at  580. 1  nm.  Finally,  Figure  4.7d  shows  the  time  behavior  of  CII 
at  283.6  nm,  CHI  at  269.8  nm  and  CIV  at  252.9  nm.  The  time  points  are  plotted  at  the  midpoints 
of  the  nominally  200  ns  wide  OMA  gates,  and  referenced  to  the  start  of  the  voltage  pulse.  Note 
that  each  of  these  data  points  were  obtained  with  a  single  shot.  Each  figure  was  obtained  with  a 
single  run  which  used  the  same  calibration  and  optics  alignment.  Depending  upon  the  wavelength 
regime,  aluminum  ions  were  not  observed  until  after  800  -  1000  ns,  which  is  long  after  predicted 
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Figure  4.3  A  time -integrated  wavelength  scan  from  0  -  2  ^is  on  non-crowbarred  shots. 
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Figure  4.3.  ^continued). 
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Figure  4.5c. 
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Figure  4.6  Time  resolved  study  of  the  ultra-violet  emission  from  t  =  0.24  ^s  to  t  =  1 .43  with 
130  ns  wide  gates. 
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Figure  4.7 


iime  behavior  of  line  emission  of  a)  CD-3587  A,  3591 
,  Cffl-3609  A,  b)  Hn  at  6563,  CD-6576  A,  6581  A,  c) 
CI-5669  A,  CD-5648  A.  CDI-5696  A,  CIV-5801  A,  d) 
CD-2836  A,  CID-2698  A,  CIV-2529  A.  The  points  are 
plotted  at  the  center  of  the  nominally  200  ns  wide  OMA 
gate,  and  referenced  to  the  start  of  the  voltage  pulse. 
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shorting  times.  In  general,  CD  and  H  were  observed  immediately  upon  the  application  of  the 
voltage  pulse,  probably  due  to  light  reflected  from  the  cathode  off  of  the  diode  chamber  walls. 

CIII  and  CIV  ions  were  not  observed  until  approximately  400  ns  at  the  onset  of  voltage  peaking  (to 
be  discussed  in  the  next  section)  and  RF  emission  from  the  diode.  Note  that  the  hydrogen  line 
emission  was  observed  at  the  beginning  of  the  voltage  pulse,  again  probably  originating  from 

cathode  plasma  whose  light  was  reflected  into  the  field  of  view  of  the  optics.  The  intensity 
was  constant  within  a  factor  of  two  for  the  first  900  ns  of  the  voltage  pulse  where  at  that  point  the 

overall  light  output  jumped  by  more  than  an  order  of  magnitude  and  was  observed  as  an 

absorption  peak  in  the  very  broad  nearby  CII  line. 

The  line  intensities  of  various  carbon  lines,  ionization  state  Cl  through  CIV  obtained  in  a  time 
study  of  the  region  560  to  600  nm  is  shown  in  Figure  4.7c.  Although  CII  emission  is  observed  as 
early  as  350  nm,  emission  from  CIV  does  not  start  until  about  450  ns,  when  it  then  rapidly 
increases.  Later  in  time,  there  appears  to  be  an  overall  cooling  of  the  plasma  since  the  Intensities 
of  the  lower  ionization  states  are  increasing  in  intensity  relative  to  the  higher  ionization  states, 
although  the  total  overall  optical  emission  did  increase.  Although  the  spectra  show  the  coexistance 
of  highly  ionized  states  of  carbon  and  atomic  hydrogen,  the  plasma  may  be  quite  large  radially,  and 
the  lower  ionization  states  could  be  detected  from  a  cooler  plasma  further  out  in  radius,  toward  the 
edge. 

From  the  observations  of  primarily  hydrocarbons  in  the  crowbarred  shots,  and  the  observation 

of  CII  and  Ha  early  in  non-crowbarred  shots,  the  most  likely  conclusion  is  that  the  emission 

detected  is  due  to  impurities  on  the  cathode  and  anode.  According  to  the  results  of  the  laser 
deflection  diagnostic,  discussed  in  the  following  section,  the  plasma  observed  during  the  period 
from  400  ns  to  600  ns  may  be  due  to  a  fast,  on-axis  cathode  plasma,  streaming  across  the  gap.  As 
mentioned  earlier,  the  spectra  obtained  during  this  period  (which  also  coincides  with  voltage 
peaking  and  RF  emission)  reveal  a  high  average  charge  plasma,  with  the  primary  emission  due  to 
CIV,  CIII  and  from  CII.  There  are  two  hyptheses  as  to  the  source  of  the  high  ionization  state 
plasma  The  first  is  that  a  low  effective  charge  plasma  is  being  ionized  by  the  large  currents 
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obtained  at  shorting.  However,  these  states  would  be  expected  to  occur  in  the  case  of  crow  barred 
shots  as  well  since  the  differences  in  total  current  between  crowbarred  and  noncrowbarred  shots 
after  shorting  is  only  a  factor  of  2  to  6.  The  second  hypothesis  is  that  the  high  ionization  states  are 
due  to  a  beam-plasma  instability  or  due  to  the  interaction  of  the  RF  with  the  plasma.  The  exact 
cause  of  the  high  ionization  state  plasma  is  still  being  investigated 

Temperature  estimates  can  be  obtained  from  time-resolved  spectra  obtained  in  the  ultra-violet 
wavelength  regime,  Figure  4.6,  from  a  comparison  of  the  line  ratios  observed  with  a  Collisional 
Radiative  Equilibrium  (CRE)  code.^  The  two  lines  which  have  initially  been  used  to  estimate  the 
temperature  occured  at  229.6  nm  (CIII)  and  252.5  and  253.0  (CIV).  These  lines  were  chosen 
because  they  could  be  obtained  using  the  same  grating  setting  on  a  single  shot  and  represented 
persistent,  intense  lines.  The  results  from  the  code  have  been  given  for  the  ratio  of  the  expected 
intensities  of  the  sum  of  the  two  CIV  peaks  to  the  expected  CHI  line  intensity  for  a  range  of 
densities  and  temperatures.  The  calculations  are  shown  in  Figure  4.8.  A  time  resolved  study  of 
these  lines  showed  that  the  relative  intensities  did  not  change  much  with  time  and  resulted  in  an 
approximate  temperature  of  7  eV  in  the  density  range  of  10^  to  10^  cm~3.  Note  that  this 
temperature  did  not  change  with  the  application  of  the  magnetic  field.  This  may  be  due  to  the  fact 
that  these  lines  originate  from  some  part  of  the  plasma  which  undergoes  equilibrium  quickly  or  it 
may  mean  that  the  population  mechanisms  of  these  lines  is  not  dominated  by  the  kinetics  assumed 
in  the  CRE  model  but  by  some  other  physical  mechanism  such  as  cascade  pumping  by  the 
relativistic  electrons. 

The  broadening  of  particular  lines  such  as  Hq  can  be  used  to  estimate  electron  densities.  Figure 

4.9  shows  the  width  of  the  line  at  various  times.  The  largest  line  width  indicates  an  upper 
density  of  10*7  cm"  3.  Note  that  line  broadening  can  be  produced  by  the  free  electron  density  of 

the  plasma  and/or  by  the  strong  electric  fields  in  the  diode.  The  increase  and  decrease  in  the  Hq 

line  may  indicate  different  plasmas  (cathode  or  anode)  and  different  plasma  regions  which  come 
into  the  viewing  area  of  the  spectrograph.  These  data  are  currendy  being  investigated  in  light  of  the 
HeNe  deflection  data. 
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CRE  Code  Results 


Figure  4.8  CRE  code  results  for  the  ratio  of  line  intensities  for 
the  sum  of  two  CIV  peaks  at  2530  and  2424  A,  and 
the  line  intensity  for  the  CIII  peak  at  2296  A 
[Whe88], 
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Figure  4.9.  The  full  width  at  half  height  of  the 
Ha(656.3  nm)  as  a  function  of  time 
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Ultra-violet  emission  was  observed  during  the  presence  of  axial  magnetic  fields  ranging  from 
500  to  920  Gauss,  (Figure  4. 10b).  The  spectra  are  similar  to  that  observed  without  the  magnetic 
fields,  with  two  exceptions.  The  first  is  that  the  overall  light  intensity  was  about  a  factor  of  2 
higher  than  without  the  fields;  the  second  is  the  presence  of  unidentified  line  emission  between  255 
to  265  nm.  The  line  emission  could  be  due  to  CII  and  C1I1  but  the  absence  of  lines  in  the  same 
w  avelength  region  originating  from  the  same  upper  energy  level  is  unexpected.  The  lines  do  not 
match  with  those  of  known  impurities,  such  as  cathode  metals  or  hydrocarbons.  We  are  currently 
investigating  this  unusual  spectra. 

In  conclusion,  emission  spectra  taken  during  the  intial  400  ns  period  of  the  beam  pulse,  before 
crowbarring  or  before  the  onset  of  RF  emission  in  non-crowbarred  shots  showed  a  low  effective 
charge  plasma  with  primarily  molecular  components  as  well  as  atomic  hydrogen  and  singly  ionized 
carbon.  This  is  probably  due  to  hydrocarbon  compounds  found  on  the  surface  of  the  electrodes. 
After  the  first  400  ns  in  crowbarred  shots,  the  spectra  revealed  a  continuation  of  the  low  charge 
state  plasma.  At  time  greater  than  400  ns  in  non-crowbarred  shots  where  voltage  peaking 
occurred,  large  amplitude  RF  emissions  were  detected  at  the  same  time  that  the  spectra  revealed  a 
high  average  charge  plasma  with  most  of  the  emission  originating  from  CIV,  CIII  and  to  some 
extent  from  CII.  These  highly  charged  states  may  be  due  to  beam-plasma  interactions  or  more 
likely  due  to  interactions  between  the  RF  field  and  the  plasma.  At  times  well  after  diode  shorting, 
the  emission  spectra  revealed  a  cooling  and  recombining  plasma.  A  comparison  of  the  line 
intensities  of  various  species  compared  to  the  CRE  theoretical  model  indicates  temperatures  of 
about  7  eV.  Emission  observed  during  the  application  of  axial  magnetic  fields  was  more  intense 
than  that  without  fields,  and  exhibited  some  unidentified  spectral  lines.  Although  nonequilibrium 
plasmas  were  generated  in  both  the  magnetized  and  unmagnetized  cases,  we  are  still  analyzing  data 
to  determine  whether  a  population  inversion  occurred. 
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Figure  4.10a.  Time  resolved  emission  spectroscopy 
with  no  magnetic  field 
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Figure  4.10b.  Time  resolved  emission  of  plasmas 
with  an  axial  B  of  80C  Gauss 


The  behavior  of  the  cathode  and  anode  plasmas  in  the  electron  beam  diode  have  a  major  effect  on 
the  electron  beam  energy  deposition  in  the  carbon  plasma.  Extensive  diagnostic  experiments  have 
beer,  performed  in  order  to  understood  the  plasma  physics  in  the  diode  region  of  the  MELBA 
generator  during  the  electron  beam  irradiation  of  carbon  anodes. 

The  electrical  characteristics  of  the  MELBA  accelerator  driving  the  short  gap,  low  aspect  ratio 
diode  display  3  main  types  of  behavior.  The  most  prevalent  type,  occurring  in  over  95%  of  the 
shots  is  referred  to  as  "voltage  peaking",  an  increase  in  the  voltage  after  about  400  ns  to  600  ns. 
This  voltage  peaking  phenomenon  coincided  in  time  with  the  generation  of  large  levels  of  radio 
frequencies  and  emission  from  highly  ionized  carbon.  Figure  4. 1 1  depicts  the  experimental  data 
for  a  typical  shot  The  voltage  peaking  behavior  starts  at  about  500  ns  in  Figure  4. 1 1  a,  at  which 
time  the  effective  gap  model  in  4. 1  Id  deviates  from  the  experimental  measurement  The  B-dot 
current  (ID  in  Fig.  4. 1  i  b)  and  the  tube  return  current  (IA  in  Fig.  4.1 1  b,  open  circles)  agree  quite 
well  for  the  first  400  ns.  The  difference  between  ID  and  IA  is  the  current  flowing  radially  to  the 
walls  of  the  diode  chamber  ,  and  is  displayed  as  IW  in  Figure  4.1  lb  (closed  circles).  Befo». 
voltage  peaking,  differences  of  about  +  0.4  kA  are  well  within  the  experimental  error  for  these  two 
diagnostics.  Some  of  this  current  difference  is  due  to  stalk  emission.  After  voltage  peaking  begins 
these  two  currents  begin  to  disagree,  (substantially  at  later  times).  Noticeable  damage  to  the 
glyptol  cathode  coating  indicates  cathode  shank  emission.  These  two  currents  are  used  to  calculate 
two  diode  impedances:  ZA-  the  anode  impedance,  and  ZD-  the  total  diode  impedance.  The  diode 
makes  transitions  through  the  Child-Langmuir  phase,  voltage  peaking,  then  finally  reaches  a 
nearly  constant  impedance  of  about  16-20  ohms  before  shorting. 

The  effective  A-K  gap  is  found  by  plotting  a  linear  best  fit  to  (1/P)  1/2  where  P  is  the 
experimental  perveance  (I/V3/2).  jhe  extrapolation  of  the  linear  portion  of  the  previous  quantity 
gives  a  prediction  of  the  diode  shorting  time  or  an  implied  closure  velocity.  We  also  define 
apparent  closure  velocity  from  diagnostics  which  observe  the  cathode  plasma  (such  as  laser 
deflection).  Effective  closure  velocity  is  calculated  from  diagnostics  which  give  an  estimate  of  the 
shorting  time  (e.g.  voltage  shorting).  Closure  velocity  data  will  be  summarized  later  in  this  report. 


Currents  (kA )  Voltage  (  k V) 


Ml  131 


Ml  131 


Figure  4.11.  Data  for  'voltage  peaking'  shot  Ml  131  including  a)  voltage,  b)  13- 
dot  (ID), tube  return  (IA)  and  wall  (IW)  currents,  c)  diode 
impedances  using  ID  and  IA,  d)  closure  analysis  with  OMA  gate 
showing  regions  of  different  behavior,  e)  carbon  spectral  line 
emission  during  OMA  gate. 
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Figure  4. 1 2  gives  oscilloscope  traces  for  a  number  of  shots,  showing  the  significant  levels  of 
radio  frequency  and  microwave  emission  which  occurred  primarily  after  the  start  of  voltage 
peaking.  This  RF  was  also  seen  as  a  current  modulation  on  the  unaltered  B-dot  probe.  This 
strong  RF  emission  was  correlated  with  emission  from  highly  ionized  carbon  in  the  absence  of  a 
magnetic  field.  We  discovered  that  the  application  of  a  magnetic  field  reduced  the  level  of  RF,  but 
caused  even  higher  intensity  of  optical  emission,  an  effect  which  is  not  totally  understood  at  this 
time. 

Temporally  gated  Cerenkov  plate  diagnostic  data  is  shown  in  Figure  4.  13.  It  can  be  seen  that, 
during  the  initial  50  ns  (during  Child-Langmuir  phase),  the  electron  beam  pattern  was  well  defined 
on  the  Cerenkov  plate.  At  260  ns  the  beam  appears  to  become  nonuniform  as  if  pinching  or 
filamenting.  By  520  ns  (during  voltage  peaking  and  RF  emission)  the  beam  apertures  are  no: 
recognizable,  indicating  a  beam-plasma  instability.  At  later  times  the  beam  begins  to  exhibit  w-ell 
formed  beamlets  on  the  outer  edges. 

The  previous  data  can  be  related  to  the  apertured  beam  monitor  data  shown  in  Figure  4.14. 
Again,  the  initial  CL  phase  of  the  electron  beam  pulse  shows  increasing  current,  however,  after 
about  200  ns  the  beam  current  shows  a  spikey  nature  that  persists  throughout  the  voltage  peaking 
and  RF  phase.  This  provides  further  evidence  of  an  e-beam-plasma  instability  in  the  diode.  In  the 
tail  of  the  e-beam  voltage  pulse  we  see  a  low  energy  electron  beam  current  which  is  effectively 
filtered  out  by  a  200  kV  foil  filter. 

Laser  deflection  diagnostic  data  provided  the  most  direct  measurements  of  plasma  in  the  diode 
region.  Typical  data  is  depicted  in  Figure  4. 1 5.  Note  that  the  data  exhibits  a  positive  deflection 
followed  by  a  negative  one,  then  finally  a  second  positive  deflection  late  in  time.  In  the 
experimental  configuration  used,  a  positive  deflection  corresponds  to  net  plasma  gradients 
increasing  towards  the  cathode  (henceforth  denoted  cathode  plasma)  or  net  neutral  particle  gradient 
increasing  towards  the  anode  (hence  anode  neutral).  A  negative  deflection  corresponds  to  net 
plasma  gradient  toward  the  anode  (anode  plasma)  or  a  net  neutral  gradient  toward  the  cathode 
(cathode  neutrals).  Note  that  due  to  the  relative  contributions  to  the  index  of  refraction  this 
diagnostic  is  10  times  as  sensitive  to  plasmas  as  to  neutrals.  The  interpretation  of  this  diagnostic  is 
complicated  by  the  fact  that  there  may  be  two  clumps  of  plasma  (or  neutrals)  streaming  in  opposite 
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Top:  RF  emission 

Voltage  (308  kV/div)  Bottom:  Current  (16.1  kA/div) 


Figure  4.12.  RF  data  from  voltage  peaking  shots  with  voltage  on  left, 
RF  emission  and  B-dot  current  monitor  on  right  including 
the  following  cases:  20  MHz  filtered  B-dot,  voltage 
peaking,  no  magnetic  field  (a),  unfiltered  B-dot,  voltage 
peaking,  no  magnetic  field  (b),  unfiltered  B-dot,  non- 
voltage-peaking,  no  magnetic  field  (c),  unfiltered  B-dot, 
voltage  peaking,  magnetic  field  case  (B  “900  Gauss)  (d). 
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Figure  4.13. 
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A  time-resolved  Cerenkov  plate  photograph  series 
including:  a)  50  ns,  ND=2.0,  b)  260  ns,  ND  =  2.2,  c) 
520  ns,  ND  =  1.5,  d)  700  ns,  ND  =  1.0,  e)  900  ns,  ND  = 
1.0,  f)  1100  ns,  ND=  1.0. 


Top:  Voltage  (308  kV/div) 
Bottom:  Current  (16.1  kA/div) 
(200  ns/di  v) 
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Top:  RF  emission 
Bottom:  Apertured  Beam  Current 
Monitor  (40  A/div) 

(200  ns/div) 
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Figure  4.14.  Apertured  beam  current  monitor  data  a)  without  200  kV 
foil  filter  (M 1 3 1 5),  b)  with  200  kV  foil  filter  (M 1 33 1 ). 
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directions.  Without  going  into  all  the  details  of  the  interpretation,  it  should  be  noted  that  the 
idealized  picture  in  Figure  4. 16  is  consistent  with  the  following  physical  explanation.  The  initial 
peak  is  due  to  a  rapidly  expanding  cathode  plasma.  The  negative  deflection  should  be  due  to 
expanding  anode  plasma.  The  final  positive  excursion  appears  to  be  due  to  more  dense  late-time 
cathode  plasma.  These  interpretations  have  been  verified  by  moving  the  position  of  the  probe  laser 
beam  away  from  the  surface  of  the  anode  (from  0. 1  cm  to  0.4  cm)  and  noting  the  changes  in  the 
timing  of  the  various  peaks.  Thus,  from  the  laser  deflection  diagnostic  it  appears  that  the  initial 
drop  in  the  voltage  (before  voltage  peaking)  may  be  caused  by  on-axis  A-K  shorting  from  a  fast 
component  of  cathode  plasma.  However,  the  voltage  peaks  back  up,  possibly  due  to  plasma 
pinching  or  erosion,  and  an  electron  beam  continues  to  be  generated  in  a  plasma  filled  diode 
system.  This  may  explain  the  beam  plasma  instability  which  was  observed  beginning  at  voltage 
peaking.  The  experimental  observations  are  summarized  in  Tables  4.1, 4.2,  and  4.3. 
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Deflection 


Top:  Voltage  (716kV/div) 

Bottom:  He-Ne  Deflection  (0.27  mrad/div) 
xb  =  0.4  cm 
200  ns/div 


Figure  4.15.  He-Ne  deflection  data  with  laser  axis  aligned  on  the 
cathode  centerline  axis. 


Figure  4.16.  Idealized  He-Ne  deflection  data,  defining  various  times 
and  deflection  values  to  be  used  in  the  analysis.  TZ1, 
TZ2,  and  TZ3  are  the  three  zero  crossings  of  the  signal. 
5<t>l,  54>2,  and  M>3,  are  the  three  peak  values  of  the 
deflections,  occuring  at  times  T4>1,  T<&2,  and  T4>3. 
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Table  4.1.  Summary  of  Electrical  Characteristics,  Observations. 


reduced  for  less  severe  voltage  peaking  detected  at  shorting 

reduced  with  external  axial  magnetic  field 


Table  4.2.  Summary  of  Beam  Diagnostics  Experimental  Observations. 
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5.0  Theoretical  Progress  on  Electron  Beam-Induced 
Emission  from  Carbon  Plasmas 

We  are  concerned  here  with  electron  beam  heated  plasmas  focusing  on  the  CIV  5g-4f  transition 
occurring  at  2530  Angstroms.  These  studies  were  performed  to  provide  theoretical  support  for 
experiments  being  conducted  using  the  Michigan  Electron  Long-Pulse  Beam 
Accelerator! MELBA). The  theoretical  model  is  discussed  first  to  provide  necessary 
background.  Studies  are  then  presented  which  identify  two  types  of  plasma  response  dependent 
upon  the  heating  rate.  Finally  implications  of  the  general  studies  upon  MELBA  experiments  are 
discussed. 


5.1  THEORETICAL  MODEL 

The  CIV  2530  Angstrom  line  behavior  c<tunot  be  addressed  by  considering  only  the  plasma 
ionization  dynamics  (atomic  physics).  Heating  and  cooling  rates  arc  important  and  depend  upon 
the  plasma  macroscopic  evolution  and  electron  beam-plasma  interactions.  The  complete  theoretical 
model  consists  of  three  coupled  modules  describing  the  plasma  hydrodynamics,  ionization 
dynamics,  and  electron  beam-plasma  interactions.  Basic  assumptions  assume  a  one-  dimensional 
geometry,  no  externally  applied  electromagnetic  fields,  and  an  optically  thin  plasma  The  three 
modules  are  discussed  below.  Many  theoretical  models  have  been  developed  to  describe  plasma 
macroscopic  motion.  The  slightly  modified  one-fluid,  two-temperature  hydrodynamics  equations 
used  have  the  form 
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where  the  convective  derivative  is  defined  as 
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and  v  is  the  specific  volume,  u  is  the  bulk  fluid  velocity,  P  is  the  total  specific  plasma  pressure,  Vol 
is  the  plasma  volume,  AMOM  is  the  momentum  transferred  in  beam-plasma  collisions,  q  is  the 

Von  Neumann^  artificial  viscosity,  the  specific  interspecies  energy  transfer,  Ejon  is  the  specific 
ionization  energy,  and  R  is  the  specific  energy  loss  from  line,  recombination,  and  bremsstrahlung 
radiation.  Also  Ej  is  the  specific  thermal  energy,  Pj  is  the  specific  pressure,  Qj  is  the  specific 

thermal  conduction,  and  Sj  is  the  specific  external  source  or  sink  for  species  j  which  is  either  i  for 
ions  or  e  for  electrons.  The  equations  are  described  as  slightly  modified  since  the  ionization  energy 
is  not  absorbed  into  the  electron  internal  energy  term  of  Equation  (4).  This  isolates  effects  of  the 
ionization  energy  which  represents  a  nonlinear  coupling  with  the  ionization  dynamics  model  and 
requires  use  of  special  numerical  techniques.^ 

The  second  module  is  the  ionization  dynamics  which  uses  a  Collisional-Radiative  Equilibrium 
Model  (CRE).  The  term  equilibrium  denotes  neglect  of  the  time  derivative,  thereby  restricting  the 
model's  validity  to  timing  regimes  where  the  plasma  hydrodynamic  time  scale  is  longer  than  the 
atomic  relaxation  time.  The  CRE  model  follows  104  quantum  energy  levels  using  54  rate 
equations  of  the  form 


dn , 


dt 


=  1  W,n,-I 

'  I 


(6) 
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where  nj  is  the  population  of  quantum  state  j  and  Wjj  is  the  sum  of  the  reaction  rates  representing 

transitions  from  state  i  to  j.  CRE  models  generally  require  one  rate  equation  per  energy  level,  but 
an  averaging  technique  allows  use  of  fewer  equations  than  energy  levels.^  Atomic  processes 
included  are  collisional  excitation  and  deexcitation,  spontaneous  emission,  collisional  ionization, 
three  body  recombination,  radiative  recombination  and  dielectronic  recombination.  Rate 
coefficients  were  obtained  from  the  Naval  Research  Laboratory  and  the  methods  used  to  calculate 
them  are  catalogued  by  Duston  et  al.9  The  energy  level  structure  is  that  used  by  Thornhill  et  al.  19 
The  third  module  describes  both  collisional  and  collective  electron  beam-plasma  interactions. 
Collisional  processes  are  standard  coulomb  collisions  and  bremsstrahlung  emission.  Collisional 
energy  loss  is  described  using  a  stopping  power  based  upon  a  Fokker-Plank  collision  operator  for 
a  partially  ionized  plasma  ^  and  is  given  by 
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and  E0  is  the  electron  rest  mass  energy,  n^  is  the  beam  number  density,  nj  is  the  plasma  ion 
number  density,  Ej  is  the  total  beam  electron  energy,  c  is  speed  of  light,  is  the  ionization  energy 

1 2,  Tp  is  the  plasma  temperature,  v  is  the  speed  of  the  beam  electrons,  and  ae  is  the  modified 
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coulomb  logarithm  which  accounts  for  partial  ionization  effects.  Comparison  of  collisionai  to 
bremsstrahlung  energy  loss  reveals  that  in  carbon  bremsstrahlung  is  negligible  for  electron  energies 
below  29  MeV. 

Collective  processes  are  difficult  to  model  due  to  their  inherent  nonlinear  nature.  The  primary 
concerns  here  are  identification  of  possible  processes,  time  required  for  sanitation,  and  the  amount 
of  energy  transferred.  The  first  two  questions  are  addressed  using  an  instability  classification 
developed  by  Lau^  which  assumes  a  field  free  plasma  and  neglects  beam  electron  self  collisions. 
This  classification  utilizes  the  beam-plasma  electron  density  ratio  and  relativistic 
measures  of  beam  energy  to  divide  the  instability  phase  space  into  five  domains.  Each  domain 
gives  a  critical  wave  number,  frequency,  and  growth  rate  for  the  collective  processes  it 
encompasses. 

The  classification  is  used  to  identify  which  Instabilities  may  occur.  The  critical  wavelength 
yields  a  critical  plasma  size  which  is  compared  to  the  actual  plasma  size  to  determine  occurrence. 
Growth  rates  indicate  how  quickly  the  instability  saturates  and  affects  the  energy  transfer. 
Simulations  show  that  saturation  occurs  on  time  scales  much  shorter  than  the  plasma 
hydrodynamic  time  scale,  thus  the  plasma  perceives  saturation  as  instantaneous.  The  final  question 
is  how  much  energy  is  transferred  through  the  collective  interaction.  This  parameter  is  difficult  to 
estimate,  bui  MudivS  show  the  maximum  transfer  is  thirty  percent  of  the  beam  energy.  14,15  The 
model  requires  user  specification  of  this  percentage. 

Equation  of  state  definitions  and  transport  laws  complete  the  theoretical  model  and  provide  the 
coupling  between  modules.  The  plasma  electron  and  ion  number  densities  are  coupled  using  an 
effective  charge  model.  Thermal  energies  and  pressures  are  calculated  using  the  ideal  gas  law. 

The  ionization  dynamics  model  yields  energy  level  populations  necessary  to  calculate  the  ionization 
energy  and  the  power  lost  through  radiation.  Fourier's  law  describes  thermal  conduction  using 
Braginkii's^  thermal  conductivities  and  interspecies  energy  transfer  is  modelled  using  the  Spitzer 
collision  frequency.^ 
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We  first  must  decide  exactly  what  parameter  regime  we  desire  to  study,  since  the  theoretical  model 
allows  variations  in  both  plasma  and  beam  parameters.  We  are  primarily  concerned  with  plasma 
response  to  the  energy  source  nature.  By  nature  we  do  not  mean  if  the  energy  is  transferred 
through  collective  or  collisional  processes  since  it  turns  out  that  collective  processes  always  occur 
in  the  systems  studied.  Instead  nature  here  refers  to  variations  in  beam  parameters  such  as  power 
density. 

Figure  i  gives  the  problem  geometry  and  the  plasma  initial  conditions.  The  parameter  studies 
use  a  square  pulse,  1  MeV  beam  with  power  density  and  pulse  length  varied  to  maintain  a 
consistent  time  integrated  energy  transfer.  Instability  strengths  are  set  at  low  values  to  gur  ~J 
against  unrealistic  energy  transfers. 


lcm  3  cm  X-Axis 

Figure  1.  General  simulation  geometry  and  initial  plasma  conditions. 
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Explanation  of  a  few  concepts  is  useful  before  examining  the  results.  Two  figures  per  simulation 
are  given,  one  giving  the  energy  partitioning  and  the  other  the  CV  2530  Angstrom  line  evolution. 
The  energy  partitioning  readily  clarifies  where  the  deposited  energy  goes.  Recall  that  first  phase  of 
our  objective  is  to  heat  the  plasma  to  temperatures  where  CV  is  the  dominant  ion  species. 

Therefore  during  heating  we  want  to  maximize  the  internal  energy  which  is  proportional  to  the 
plasma  temperature.  The  second  phase  is  plasma  cooling  which  induces  recombination  reactions, 
hopefully  populating  the  CIV  5g  level  faster  than  it  can  decay,  thus  producing  a  population 
inversion.  During  this  phase  we  desire  to  quickly  minimize  internal  energy. 

The  CIV  2530  Angstrom  line  evolution  directly  measures  our  success.  The  peak  present  during 
beam  heating  results  from  the  piasma  heating  to  temperatures  where  CIV  is  the  dominant  ion 
species. The  peak  after  the  beam  pulse  is  from  plasma  cooling  and  the  subsequent  CV-free  electron 
recombination  reactions. 

Studies  examining  energy  transfer  effects  rate  reveal  two  distinct  plasma  behaviors  labeled  Type 
A  and  Type  B.  Type  A  behavior  occurs  for  "slow"  heating  rates  and  is  illustrated  by  Figures  2  and 
3.  The  Type  A  plasma  converts  most  of  the  deposited  energy  into  radiation  thus  experiencing  little 
heating.  This  is  not  necessarily  undesirable  if  the  radiation  is  the  type  desired.  Figure  3  shows  an 
ionization  peak  late  in  the  beam  pulse  and  a  recombination  peak  shortly  after  pulse  ends.  This  is  a 
desirable  behavior  but  the  intensity  is  fairly  low,  approximately  an  order  of  magnitude  lower  than 
Type  B  response.  The  low  intensity  results  from  nonuniform  plasma  heating  with  only  the  plasma 
edges  heating  to  temperatures  where  CIV  and  CV  is  expected. 

Type  B  response  occurs  for  "fast"  heating  rates  and  is  illustrated  by  Figures  4  and  5.  Type  B 
plasmas  efficiently  convert  deposited  energy  into  internal  energy  resulting  in  high  plasma 
temperatures.  The  plasma  then  cools  ‘hrough  radiation  and  expansion.  The  CIV  2530  Angstrom 
line  exhibits  a  sharp  ionization  peak  with  recombination  creating  continuum  rather  than  a  peak. 

The  intensity  is  approximately  an  order  of  magnitude  greater  than  in  a  Type  A  response.  The  Type 
B  plasma  exhibits  uniform  heating  with  cooler  edges  due  to  expansion. 
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Figure  2.  Type  A  energy  partitioning  in  a  2  cm  long  plasma  of  ion  number 
_  density  SxlO1^  cm'^  heated  by  1.0  MeV,  10*>  Watt/cm^  electron  beam 

■  transferring  of  3%  of  the  beam  energy  for  300  nanoseconds. 


Figure  3.  Type  A  CIV  2530  A  line  emisssion  in  a  2  cm  loog  plasma  of 
ion  number  density  5*10*^  cm"^  heated  by  1.0  MeV,  10*  Watt/cm^, 
electron  beam  transferring  of  3%  of  the  beam  energy  to  the  plasma  for  300 
nanoseconds. 
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The  two  different  responses  are  explained  by  examining  the  radiative  power  variation  with  plasma 
density  and  temperature  calculated  with  CRE  model  and  given  it.  Figure  6.  There  are  two 
important  trends  to  note.  The  first  involves  the  temperature  behavior  of  the  radiated  power,  which 
peaks  at  approximately  8  eV.  This  peak  represents  a  barrier  which  the  plasma  must  "bum  through" 
to  efficiently  convert  deposited  energy  into  forms  other  than  radiative  emission.  The  second  is  that 
the  barrier  height  depends  upon  the  ion  number  density.  Thus  for  a  given  energy  source,  it  is 
easier  to  bum  through  the  barrier  at  lower  number  densities.  Keep  in  mind  during  the  following 
discussion  that  the  time  integrated  total  energy  supplied  to  the  plasma  is  the  same  in  each  case,  only 
the  rate  varies.  Also  note  that  the  plasma  can  only  radiate  away  a  certain  amount  of  energy,  any 
energy  supplied  in  excess  of  this  limit  is  converted  into  other  forms  such  as  internal  energy. 

The  Type  A  response  occurs  in  conjunction  with  "slow"  heating  rates  which  supply  small 
amounts  of  energy  over  a  long  times.  The  energy  supplied  at  any  one  time  is  only  slightly  greater 
than  the  radiative  emission  barrier  height,  therefore  the  plasma  slowly  bums  through  the  barrier. 
Expansion  produces  lower  ion  densities  at  the  plasma  edges  resulting  in  a  lower  barrier  height  and 
faster  bum  through.  Thus  the  plasma  edges  reach  higher  temperatures  than  the  center. 

The  Type  B  response  occurs  during  "fast"  heating  rates  where  large  amounts  of  energy  are 
supplied  very  quickly.  The  amount  of  energy  exceeding  the  radiative  emission  barrier  height  is 
very  large  allowing  rapid  increase  of  the  internal  energy  and  quick  barrier  bum  through.  The 
heating  is  uniform  since  little  expansion  occurs  during  the  short  beam  pulse  and  the  entire  plasma 
bums  through  the  barrier  at  approximately  the  same  rate. 

The  heating  rate  may  induce  different  plasma  responses,  with  hotter  plasmas  arising  from  faster 
heating  rates.  The  differentiation  between  "fast”  or  "slow"  heating  rates  is  determined  by  how 
quickly  the  energy  source  allows  plasma  bum  through  of  the  radiative  emission  barrier.  Cooling 
rate  effects  were  not  investigated  but  faster  cooling  should  result  in  sharper  recombination  peaks 
and  shortening  of  the  continuum  produced  by  Type  B  plasmas. 
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Figure  4.  Type  B  energy  partitioning  in  a  2  cm  long  plasma  of  ion  number 
density  5x10*^  cm'^  heated  by  1.0  MeV,  5x10^  Watt/cm2  electron  beam 
transferring  of  3%  of  the  beam  energy  for  60  nanoseconds. 
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Figure  5.  Type  B  CIV  2530  A  line  emisssion  in  a  2  cm  long  plasma  of  ion 
number  density  5xl016  cm*3  heated  by  1.0  MeV,  5X106  Watt/ cm2,  electron 
beam  transferring  of  3%  of  the  beam  energy  to  the  plasma  for  60 
nanoseconds. 
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Figure  6.  Carbon  radiative  emission  as  a  function  of  electron  temperature 
and  ion  number  density  calculated  using  the  CRE  Model. 
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Figure  7.  Typical  energy  partitioning  for  a  MELBA  electron  beam-plasma 
system.  This  system  had  an  initial  ion  density  of  SslO1^  cm'1'  and  an 
instability  strength  of  1  %.  Beam  pulse  ends  at  717  nanoseconds. 
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5.3  MELBA  IMPLICATIONS 


It  was  mentioned  earlier  that  these  studies  were  originally  initiated  to  provide  theoretical  support  for 
MELBA  experiments.  These  experiments  recently  studied  CFV  2530  Angstrom  time  behavior. 
Experimental  observations  indicate  that  the  line  coincides  electron  beam  presence,  disappearing 
shortly  after  the  beam  turns  off.  ^  It  should  be  noted  that  the  lines  evolution  is  not  continuously 
observed,  but  is  deduced  from  time  integrated  spectra  taken  at  various  times  during  experimental 
runs.  The  integration  window  varies  from  50  to  100  nanoseconds  yielding  a  general  picture  of  the 
exact  behavior.  Bulk  plasma  temperature  estimates  are  under  10  eVA5 

The  expected  temperature  regime  coupled  with  the  quick  2530  Angstrom  line  disappearance  at 
pulse  ending  indicate  that  MELBA  could  be  inducing  a  Type  A  plasma  response.  The  model  was 
used  to  simulate  typical  MELBA  runs  and  results  are  given  for  a  plasma  density  of  5x10^  cm'3 
and  a  one  percent  instability.  Simulation  of  MELBA  is  a  complex  undertaking  and  details  are  given 

elsewhere.  ^ 

Simulations  confirm  that  MELBA  may  indeed  induce  a  predominantly  Type  A  response.  The 
evolution  is  interesting  in  that  initial  behavior  is  Type  B  with  the  internal  energy  growing  faster 
than  the  radiative  losses  as  shown  in  Figure  7.  This  initial  behavior  is  dominated  by  the  outer 
edges  burning  through  the  radiative  emission  barrier  while  the  bulk  of  the  plasma  remains  so  cold 
that  it  has  not  begun  to  emit  significant  radiation.  The  Type  A  response  becomes  evident  as  the 
bulk  plasma  begins  to  heat  and  the  radiative  energy  grows  while  the  internal  energy  decreases. 
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The  CIV  2530  Angstrom  emission  is  given  in  Figure  8.  The  first  peak  is  an  ionization  peak 
produced  by  the  plasma  edge  heating  past  the  CTV  dominance  threshold  temperature.  The  second 
is  not  actually  a  peak,  but  instead  is  an  increase  in  CIV  emission  from  the  bulk  plasma  interrupting 
the  beam  pulse  ending.  The  emission  essentially  disappears  after  the  pulse  ends.  The  low  level 
continuum  after  717  nanoseconds  results  from  recombination  in  the  plasma  edges.  It  corresponds 
to  the  Type  B  behavior  the  plasma  edge  was  previously  noted  as  exhibiting. 
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. ;  'a  ■■ ■  !c  .  L  nuk'd  w  nh  a  lilm  of  carbon  :  .  : i : i : 1 1 1 [ > i ^ 
pulses.  '.hi'  dsd  not  significantly  affect  the  l U1  i ■ '  output. 

!  y  pie.tlh  5  15  shots  wore  tired  in  a  scries  !  b  .iuiui;i 
wunlows  were  completely  replaced  alter  on  h  m.lw  niti.il 
series.  I  he  liable  chamber  was  cleaned  .diet  upproxi 
mately  2i>  25  lu 't >  (about  two  Aeries).  I ' ! :  i  s  mvolvcd 
leaning  carbon  oil  ot' the  plastic  insulator'  e  mtoimr 
siirtavo  with  freon  and  rooiiing  the  insulctor-  C  .ader  u» 
returhish  (he  diode  after  a  series,  the  carbon  e.  was 
faced  off  with  a  lathe  to  remove  pitting  from  no  damnee. 
No  special  cleaning  techniques  were  used  foi  C.  arbon 
mode  In  order  to  remove  a  heavy  carbon  w.,  the 
cathodes  were  polished  with  sandpaper  and  a.  a 

,.ool.  cleaned,  and  degreased. 

The  light  from  the  anode  plasma  vs  as  iiii.ilv  .  010  the 
entrance  slit  of  a  0  275 -m  spectrograph  Cr ('■•!'  \dt 
Mono  .pce  2 ”  i  coupled  to  an  optical  multichannel  ana 
U/et  i(  IMA  •  i  I  r.' ii  'or  Northern  TN  6500  sere  ■  .  u  mu 
io>.  and  a  final  foe  Using  lens.  I'his  souliguration  ..a-  able 
to  resolve  unlis  idua!  peaks  when  they  were  abo  :■  1  nmo-c 
■treater  apart.  !  he  optical  axis  tor  tne.se  expeiim  i  was 
aliened  0  I  sin  oli  ot  the  anode  lace,  directlv  at  'he  diode 
axis  Ills'  magmhcation  of  the  optical  system  w  i  aboui 
0  ’  f  sen  thotieh  the  dimensions  ot  me  actual  pla-ma  ma\ 
be  greater  than  1 50  m  t  from  open  shutter  pi.  "e  ••.  m.- 
•o>lunie  ot  lieht  collected  h\  the  various  optica’  elements 
w  i  .  lo.s  than  it  5  cm  I  hi-  volume  was  in  ths  met  <>| 
die  du'd  i a 1 1 1 . . I ! s  . i b 1 1 1 1 1  ii  I  cm  away  trom  the  o  ..>• 
■a'lv 

'I  he  ~pc-.  t  ros.o'pii  equipment  was  located  ■  lead 
'  :  ■  ■ !  I  .  t  r  a.  la  s  ace  I  I  is1  (  )M  \  .a  *lls  i  sts:d  of  a  1 1  ■  ’  e  i e 

.  ■  ,(  1 1  on  -itied  .In  >de  array  1  )M  A  cafe 

1  •!■'•  I :  ■  ■  t  ■  IT.  !• '  I  a  .  I  clat  i  .  Ill  SC  line  Slalt  me  "  ■ 

■  i  :d  i .  .e  all  a-  'ii  a  .  In  order  to  obtain  hi  d  ■  e  d 

•■■  ■  ■  :  .  r  eat'  idtlis  i  it  si |i i  || .  . •  . :  ; 
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um-  •  a  the  w  a\ elenglh -dependent  response  ot  the 
Its  -  visiow .  optics,  grating,  and  OM  A  detector 
diodes  lies-  detector  diodes  were  calibrated  tor  wave 
length  -me  a  krypton  gas  discharge  lamp 

III  i  Al’l  KiMI  m  \t  Rt  si  i  i  s  \\i>  l)is<  I  SSION 

We  observed  cl  i  ft  e  rent  types  of  optical  emission  behav¬ 
ior  Iron:  die  anode  region  depending  on  the  relative  timing 
ot  the  OM  \  gate  and  the  voltage  pulse.  When  the  OMA 
was  gated  early  in  the  pulse,  no  light  was  detected.  Gating 
later  m  the  pulse,  when  the  anode  dose  had  increased  suf¬ 
ficiently  .  out  he  tore  diode  shorting,  low-intensity  atomic 
emission  was  detected.  Intense  optical  emission  was  de¬ 
tected  by  gating  after  voltage  collapse  had  occurred.  F;or 
the  purposes  ot  modeling  and  discussion,  this  is  roughly 
equivalent  to  the  evolution  ot  the  diode  through  three  dif¬ 
ferent  stages,  which  we  define  here  hy  the  deposited  dose 
and  tin ulc  closure.  These  stages  represent  the  following: 
stage  I  Child  Langmuir  mode  early  in  time  be  tore  the 
dose  was  high  enough  for  anode  plasma  formation  and 
emission  stage  II  a  low  -  impedance  transition  mode  w  ith 
an  anode  plasma  later  in  time  after  the  dose  was  high 
enough:  and  stage  III  an  intense  vacuum-are  mode  after 
diode  shooing  Depending  on  the  crowbar  setting,  closure 
velocity,  and  Jose,  shots  may  not  necessarily  have  stage 
II.  We  discuss  the  data  in  terms  of  the  timing  of  the  OMA 
gate  relative  to  the  diode  evolution  through  these  stages. 
In  this  section,  examples  of  these  different  types  of  spec¬ 
tra  with  diode  voltage  and  current  data  will  he  presented 
tor  a  series  ot  crow  barred  and  noncrow  barred  shots. 

Typical  data  from  these  experiments  are  summarized  in 
I  ahle  I  I  he  spectroscopic  observations  classify  the  data 
in  one  ot  t!  -  three  possible  stages  as  referred  to  above. 

1  he  accelerator  can  he  operated  in  the  crow  barred  mode 
or  in  the  noncrow  barred  mode.  The  crow  barred  mode  lim¬ 
it!  d  the  dose  in  short-circuiting  the  generator  before  diode 
shorting.  I  lie  ligures  presented  below,  and  referred  to  in 
I  able  1 .  v  "ii  si  si  of  four  pars:  i  a  I  diode  voltage:  ( b  i  diode 
current  compared  to  Child  1  angmuir  current  model,  lei 
conventional  empirical  closure  velocity  plot;  and  id)  op¬ 
tical  emission  spectra  The  OMA  gate  is  shown  on  pails 
mi  through  u  i:  r  0  lor  the  OMA  gale  is  referenced  from 
the  initial  rive  of  the  voltage.  The  closure  plot  is  a  linear 
best  lit  o!  :  ;  /’>'  ,  where  /’  is  the  experimental  perve- 

anee  i  /  I  i  The  extrapolation  ol  the  linear  portion  ot 
I  I  /D  gives  a  prediction  ot  the  diode  shorting  time 
Note  that  we  reter  to  t  I  /’ I  as  the  ‘  effective  gap.  ” 
I  lie  effective  cap  is  expected  to  he  linear  when  the  diode 
current  and  volt, mo  are  following  Child  I.anemuir  seal 
me  flic  spectra  arc  Libeled  with  tile  peak  identification 
|  A  f  1 1  and  all  p.  Ota  arc  presented  on  the  same  relative 

intensity  ...  C  V\  e  1  (st  the  total  do-e  in  the  and  ot  tlu 

i  >M  A  gate  a  ■:  dev  i.,li  i  >n  t  >1  the  e  xpen mental  .  at  rent  t  ton i 
(  hi  Id  I  ttl'C ):  :.i  Ii  '..aline  m  I  able  I 
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Abstract— V.\ peri  me  nls  have  been  performed  to  investigate  the  visi¬ 
ble  emissions  (.<70-600  nml  from  long-pulse  electron-beam-driven  car¬ 
bon  anode  plasmas,  and  to  correlate  the  spectroscopic  evidence  for  ions 
with  deviations  of  the  diode  current  and  voltage  from  Child-I.angmuir 
behavior.  Klectron  beams  had  peak  voltages  of  -0.8  MV,  current  den¬ 
sities  approaching  II)'  A,  cm",  and  pulselengths  of  about  1  ps.  Diode 
closure  resulted  in  three  phases  of  the  beam/plasma  evolution.  In  stage 
i  the  deposited  electron  dose  was  smaller  than  that  required  for  anode 
plasma  optical  emission  I  <250  J/gr).  No  deviations  of  the  diode  op¬ 
eration  from  conventional  Child-I.angmuir  scaling  were  observed.  In 
stage  11,  the  electron  dose  vvas  large  enough  for  anode  plasma  forma¬ 
tion  before  shorting  (  ?35l)  J/gr),  and  low-intensity  optica!  emission 
was  primarily  from  Cl  I  and  (III.  During  stage  II,  two  types  of  non 
Child-I  angmuir  diode  behavior  occurred  due  to  the  presence  of  an 
anode  plasma.  An  anomalous  voltage  peaking  behavior  occurred  at  an 
average  dose  of  741)  J/gr,  at  about  80  percent  of  the  diode  shorting 
time.  I  he  diode  impedance  was  constant  during  this  voltage  peaking 
behavior,  contrary  to  the  impedance  collapse  expected  from  Child- 
I.angmuir  behavior  in  a  closing  diode.  This  voltage  peaking  was  ac¬ 
companied  by  an  increase  in  continuum  emission,  particularly  at 
shorter  wavelengths.  A  bipolar  impedance  level  was  occasionally  ob¬ 
served  before  voltage  peaking,  at  an  average  dose  of  410  J/gr,  at  about 
66  percent  of  the  predicted  shorting  tone.  During  stage  III,  an  intense 
vacuum  arc  mode,  the  cathode  plasma  shorted  the  anode-cathode  (A- 
K)  gap,  resulting  in  intense  optical  emission  from  Cl  through  CIV  on 
noncrowbarred  pulses,  and  from  CII,  C>,  CM,  and  H  on  crowbarred 
pulses. 

I.  Introduction 

UMEROUS  researchers  have  investigated  the  phys¬ 
ics  of  cathode  and  anode  plasmas  in  intense  electron 
beam  diodes.  An  understanding  ot'  both  cathode  and  an¬ 
ode  plasmas  is  crucial  in  achieving  the  efficient  conver¬ 
sion  of  stored  energy  into  well-charaetcri/ed  electron 
beams.  Short  pulsed  beams  (  r<  few  100  ns)  have  typi¬ 
cally  been  used  in  applications  such  as  flash  X-ray  gen¬ 
eration  or  ICE.  where  high  peak  powers  and  electron  cur¬ 
rent  densities  are  desired.  Long-pulse  beams  t  t  from  a 
few  hundred  nanoseconds  to  a  few  microseconds)  are  gen¬ 
erally  used  for  applications  where  total  delivered  energy, 
pulselength.  and  voltage  flatness  are  critical  factors. 

M-imiM  i  ij'l  to.  or.  ct!  I. mu. ip.  I  v  I'M7,  revised  M;i\  72  1^X7  I  his  work 
...  .iipp. .rfol  hv  the  \ i r  ()lhce  -»l  Scientific  Research  «tnd  hv  [lie 
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i*  r 1 1 . -  I  re...  *  -o  :  hic.ui  \n\  i .pinions .  hinlinL'v  eoik  lusums.  or  rei 
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Long-pulse  applications  include  gas  or  plasma  laser  ex¬ 
citation.  high-power  microwave  generation,  and  free- 
electron  lasers.  In  both  pulselength  regimes,  cathode 
plasma  closure  in  exnlosive-emission  cold-cathode  diodes 
typically  limits  electron  beam  pulselengths  and  total  de¬ 
livered  beam  energy.  At  large  doses,  however,  anode 
plasma  formation  can  also  limit  the  pulselength,  modify 
the  impedance  and  stability  of  the  diode,  and  affect  ihe 
generator-to-diode  pow'er  coupling. 

This  paper  addresses  the  role  of  anode  plasma  in  mi¬ 
crosecond  diode  physics  by  correlating  spectroscopic  evi¬ 
dence  for  ions  with  changes  in  the  diode  electrical  behav¬ 
ior.  We  have  performed  time-resolved  visible  (370-600 
nm )  spectroscopic  emission  measurements  at  the  surface 
of  a  carbon  anode  in  a  long-pulse  (  ~fis)  diode.  These 
experiments  were  motivated  by  a  previous  experimental 
study  [1]  which  showed  two  types  of  non-Child-Lang- 
muir  bthavior  in  a  microsecond  diode  with  large  anode- 
cathode  (A-K)  gaps  (8-10  cm).  In  the  first,  the  current 
showed  enhancements  consistent  with  bipolar  [2]  effects, 
while  in  the  second,  the  rate  of  current  rise  was  extremely 
rapid  and  the  late-time  voltage  (>600  ns)  increased 
anomalously.  The  second  type  occurred  much  more  fre¬ 
quently  than  the  first.  Ion  effects  in  the  diode  were  in¬ 
ferred  from  current  modeling.  In  those  experiments  ener¬ 
gies  of  up  to  1.5  X  10J  J  were  delivered  to  the  anode 
before  shorting  at  modest  current  densities  (less  than  20 
A/cnr  initially),  yielding  doses  less  than  100  J/gr.  Pos¬ 
sible  sources  of  ions  were  intense  vacuum  arc  anode  phe¬ 
nomena  |3),  [4j  as  well  as  impact  ionization  of  the  resid¬ 
ual  background  gas  [5|.  both  particularly  important  for 
the  long  pulselengths  obtained  (2.5-4  /ts).  Thus,  in  this 
previous  w'ork.  the  presence  of  ions  was  strongly  sus¬ 
pected  hut  not  experimentally  verified. 

The  present  experiments  were  performed  with  higher 
current  densities  (initially  ~  100  A/cm"  )  at  intermediate 
A  -K  gaps  (3  -4  cm  )  and  delivered  energies  typically  be¬ 
tween  4  x  10"' and  7  x  !()'  J  to  the  anode  before  shorting 
Closure  of  the  A-K  gap  resulted  in  late-time  current  den¬ 
sities  approaching  10*  A/cm  .  with  total  doses  on  the  or 
der  of  10  J/gr  by  the  end  of  the  electron  pulse. 

Several  investigators  have  performed  comprehensive 
experimental  studies  of  electron  diode  plasmas  and  clo¬ 
sure  in  Ihe  short-pulse  regime  Cathode  plasmas  have  been 
studied  using  empirical  modeling  of  closure  |b|  |8|.  m 
terferometry  [7],  |8j.  and  time  resolved  spectroscopy  |7|. 
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Fit!  ~  Spectra  I  rum  three  none  row  barred  shots  in  which  the  OMA  was 
e.tted  after  Porting.  ta)  OMA  pate:  1 .0-2.0  /  s.  predicted  shorting  nine 
InOO  ns.  (hi  OMA  gate  2  1  3  I  nv  pred  ated  shorting  time  72‘) 
ns  ki  OMA  gate  *  0  4  I  us.  predicted  shor  time  ;  1000  ns 

I'he  error  estimate  was  based  on  the  i  ncertainties  in  tran¬ 
sition  probability  and  peak  intensity  The  electron  tem¬ 
perature  appears  to  be  constant  with  tine  for  the  first  -1.8 
us  after  shooting,  within  experimental  error;  at  a  later  time 
the  temperature  has  decreased. 

I  he  electronic  temperature  may  equal  the  electron  tem¬ 
perature  if  the  free  electrons  arc  in  equilibrium  with  the 
bound  (radiating)  electrons  To  exactly  determine  ihe 
equilibrium  nature  of  our  plasma  would  require  a  detailed 
model  of  all  the  possible  kinetic  mechanisms.  It  is  mi 
porlant  to  note,  however,  that  in  our  experiments,  the 
elei  tronn  temperature  of  CM  and  the  electronic  tempera 
inn;  ot  (  III  were  equal  within  experimental  error  for  ihe 
iir  .t  I  8  ft s  following  snorting  Also.  th<-  volume  of  pla  -ma 
.dn  h  .ch  examined  -.pet  inwcnpieallv  was  small  com 
par'd  ,  1 1 1 1  -  1 1  e  i  ■  f .  1 1 1  pl.i-.ma  dimensions 
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Fig  8  Fdcctrun  ‘emperatures  versus  lime  alter  predicted  diode  shorting 
tor  spectra  in  Fig  7. 

IV.  Summary  and  Conclusions 

No  anode  plasma  light  was  detected  in  any  electron 
beam  pulse  when  the  OMA  was  gated  well  before  pre¬ 
dicted  shorting  and  during  the  portions  of  the  pulse  where 
the  dose  was  smaller  than  250  J/gr.  For  this  case,  no  de¬ 
viations  from  Child-Langmuir  scaling  were  observed 
(stage  1).  We  observed  low-intensity  emission  from  car¬ 
bon  ions  (CM  and  CHI)  when  the  OMA  gate  occurred  dur¬ 
ing  portions  of  the  electron  beam  pulse  when  the  dose 
was  greater  than  350  J/gr,  but  before  predicted  shorting 
(stage  II).  The  doses  required  for  the  formation  of  anode 
plasma  in  these  experiments  were  consistent  with  those 
found  in  previous  work,  corresponding  to  an  outgassing 
anode.  The  spectroscopic  emission  observed  in  these  ex¬ 
periments  was  consistent  with  hydrocarbon  surface  im¬ 
purities  introduced  by  the  diffusion  pump,  ionized  out- 
gassed  anode  components,  and  cool-cathode  plasma 
constituents  (which  are  primarily  hydrocarbons  [8)). 

Due  to  the  presence  of  ions,  two  types  of  non-Child- 
Langmuir  behavior  were  observed.  On  a  large  fraction  of 
the  noncrowbarred  shots  the  voltage  displayed  a  peaking 
behavior  late  in  time.  This  occurred  at  about  740  J/gr  at 
about  80  percent  of  the  predicted  shorting  time.  The  diode 
impedance  during  the  peaking  behavior  was  constant,  and 
was  not  consistent  with  Child-Langmuir  or  bipolar  levels. 
In  some  noncrowbarred  shots  an  impedance  consistent 
with  bipolar  current  enhancement  was  observed  before 
voltage  peaking.  This  occurred  at  doses  of  about  410  J/gr 
at  about  66  percent  of  the  predicted  shorting  time.  There 
were  two  different  types  of  spectra  observed,  correspond¬ 
ing  to  different  voltage  behavior  The  spectra  obtained 
when  gating  the  OMA  during  the  voltage  peaking  behav¬ 
ior  hail  continuum  emission  peaking  at  shorter  wave¬ 
lengths  The  spectra  obtained  when  the  OMA  gate  oc¬ 
curred  during  normal  voltage  behavior  or  slight  voltage 
peakmg  displayed  a  lower  intensity  uniform  continuum. 
Further  study  :s  required  to  determine  the  cause  of  this 
voltage  peaking  mode  and  to  explain  these  other  tea 
tu  res 

When  the  OMA  was  gated  during  or  alter  predicted 
diode  shorting  (stage  Mil.  we  alwav  measured  intense 
lit'hi  emission  05  Ml  limes  dial  o|  Magi  II  .  with  the 
maximum  dele.  ted  emissions  on  urnne  uist  a'ui  short 


i : . l'  In  vii'wi'.irvi!  pulses  wo  detected  opti.  pi  emissions 
(  H  C- .  ('!!.  .iiui  H  In  noncrow  barred  ('itUes.  we 
•Js-tv.  led  .iii’iisic  v ti.truv*  stales  "i  carbon  up  to  C  IV  tat  5 SO 
. ;  1 1 1  i  r  s  1  nmiilurine  the  l mm  mii.TOM.voml  tollowinp  short- 
::n  .Higher  ioiii/ulior,  states  can  Iv  detected  •  'ill \  at 
'.'lone,  a  ax  elciielhs  ill. in  uc  have  explored,  i  I  lie  high 
.  orients  iti iii  i o u  voltages  in  stage  III  resulted  111  subMan 
: i.il  .  >u p i  1 1 1 e:  eixme  \  er\  intense  light  emission  troni  a  2 
;  .A  pi.iNi!!.!  rills  is  pr.-.'iahK  due  to  both  heating  oi  stage 
II  plasma  .  oiistituenis  irom  ihe  anode  and  cathode  plasma 
and  the  creation  .>(  new  plasma  through  other  \  apori/atma 
piov  esses  and  anode  spot  mechanisms  Noncrow  barred 
pulses  i  aix  current  -  2t.  '()  k,\i  gave  a  more  highlx  1011 
ved  plasma  than  the  crow  barred  pulses  (are  current  -  It) 
k  \  i  and  hieher  emission  mtensitx. 

Miho'ieh  the  current  densities  m  these  microsecond 
pib selet’ejtli  diodes  are  smaller  than  in  main  short  pulse 
experiment' .  ion  eltscv  still  p!  n  a  role.  Ion  ellects  oh- 
seivedl  m  pie.  ■  >tis  experiments  obtained  at  lower  doses 
|  I  |  |  M  are  also  important  and  seem  to  indicate  that  an¬ 

cle  spot  mechanisms  and  background  gas  iom/ation  max 
also  he  mvo|  .ed.  d  •cuum  are  mechanisms  are  oi  panic  - 
it  la  1  ..oiuern  •  s  thex  point  toward  a  eontinuallx  degrading 
diode  pci h >rman<  .•  ,  1 .-  to  anode  erosion  as  described  in 
!'|  I  one  pi.ise  diodes  operate  on  an  intermediate  time 
suite  lv:wecn  'hi  1  puNc  diodes  and  xaeuum  ares  Thus 
1!  "  expected  liia1  both  t\  ;x*s  oi  phenomenon  become  in 
port. mi.  I  lt-.se  ellects  must  he  addressed  be  lore  stable  re 
producible  diode  perloimanee  ecu  he  obtained  in  the  mi- 
..  r.  m",  otid  pulseleiigih  regime 

\l  kM  iW  1  !  1 )(  1  xt  t  si 

rite  an  'hors  aekii-  .w  ledge  experimental  assistance  from 
R  I  I  .m.  "1  .  It  .  I  I  Kepetti.  and  I  !.  i'ucker. 
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Temporally  Resolved  Spectroscopy  of  Laser-Induced 

Carbon  Ablation  Plasmas 


M  i  BRVk!  .  \smki\ii  mi  \iiii  r.  nil.  .1  MFAC'HIM.  R  VI  (ill  (il'NBACH.  mi  miii  k.  ii  i  i  . 

\ \ i >  W  THORNHILL 


Xb'irtni  IvinpnrailN  emission  spectra  mil)  of 

i  ;ir!mn  .ihlation  prociuceH  during  laser  hole  boring  h\  a  25-ns 

duration  1  J  m K>>  laser  pulse  are  presented.  1  he  emitted  line  radiation 
originates  from  (  to  (  dependinu  upon  the  time  relative  to  the 
laser  pulse.  Plasma  temperatures  of  12  14  eV  during  the  laser  pulse  to 
ahout  4  e\  .  140  n>  after  the  laser  pulse  are  obtained  In  comparing  the 
spectfitsi opii  r  esults  t<*  a  odlisional-radiattu*  equilibrium  t(’RK)  model 
uhich  bridges  the  between  the  local  thtrmod) tiamic  etpiilibriurn 
<1  Ifi  model  and  the  coronal  model. 

I  l\  I  Hi  >1)1  t  III  i\ 

1  R1  \ C ' L.  vibhii i< >n  plasmas  have  an  important  role  in 
the  coupling  of  laser  energy  to  materials  m  applica¬ 
tions  such  as  machining.  welding,  and  hole  boring  |l|. 
Such  plasmas  have  also  been  employed  as  the  lasing  me 
dinm  in  soli  \  ray  laser  experiments  1 2 1 .  In  all  of  these 
applications  the  temporal  evolution  of  the  ablation  plasma 
is  particular!;,  crucial.  Spectroscope  provides  an  ideal 
nonmvasivc  plasma  diagnostic  in  the  harsh  environment 
ol  intense  laser  plasma  interactions 

In  this  paper  we  employ  a  spectrograph  coupled  to  a 
gated  optical  multichannel  analy/er  lOMAi  in  order  to 
obtain  temporally  resolved  optical  spectra  ol  laser-in 
dueed  ablation  plasmas.  I  his  is  in  contrast  to  most  pre¬ 
vious  spectroscope  measurements  |3|.  |4|  which  have 
been  time  integration  of  tens  of  shots,  as  recorded  on  film 
Since  the  gates  to  the  OMA  can  he  moved  by  10  ns  rela¬ 
tive  to  the  laser  output,  we  van  follow  the  temporal  evo 
lution  ot  the  rapidly  varying  ablation  plasma 

(  su.illv  i  see  |  A  |  and  [ 4 ) )  laser-produced  plasmas  are 
described  bv  the  corona  model  or  bv  the  local  thermody¬ 
namic  equilibrium  il.  Jl.i  model  In  the  I.  I  I:  model  |(>|. 
it  is  assumed  that  the  distribution  of  population  densities 
ol  the  eh'c'rons  is  determined  by  particle  collision  pro¬ 
cesses  where  cash  process  is  balanced  by  its  inverse  col 
lisinnal  process  I  he  distribution  ot  population  densities 
ot  electron  eneruv  levels  is  the  same  .is  il  the  levels  were 
ill  thermodv  n.inm  equilibrium  I  he  III:  model  canvas 
ilv  L'i'.e  tempeiatnre  mloiin.it i. m  trout  spectroscopic  re 
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suits  if  the  plasma  is  dense  enough  for  L.Tl:  to  be  valid 
(greater  than  approximately  10  '  cm  ‘  depending  upon 
plasma  conditions).  The  corona  model  |6|  on  the  other 
hand  includes  a  balance  between  eollisional  iom/ation  and 
radiative  recombination.  This  model  is  used  to  describe 
low  density  plasmas  (less  than  ahout  10' 1  cm')  where 
atom-atom  collisions  are  negligible.  Lnfortunalely .  mans 
laser-produced  plasmas  fall  between  the  regions  ot  valid- 
itv  for  the  corona  model  and  Li  t:  In  this  paper  the  spec¬ 
troscopic  results  are  compared  to  a  comprehensive  colli- 
sional-radiative  equilibrium  iCRL)  model  which  describes 
plasmas  not  covered  hy  the  corona  model  or  LTF. 

II  l:\HKIMIM  \l  ClIMit.l  RVIHIS 

The  experimental  system  is  depicted  schematically  in 
f- ig  I.  A  0  switched  ruby  laser  was  incident  on  a  graph¬ 
ite  target  located  in  tin  evacuated  ( 10  J-torri  chamber. 
This  eliminated  complications  due  to  air  breakdow  n  in  the 
vicinity  of  the  laser  focal  spot.  A  calorimeter  measured 
the  laser  energy  while  a  p  i  n  diode  monitored  the  pulse 
shape.  These  measurements  yielded  a  ruby  laser  ineident 
energy  (on  target)  of  about  1  J  in  a  25-ns  full-w idth-at- 
half-maximum  (FWHM)  pulse.  The  laser  was  focused  hy 
a  25-em  local  length  lens  to  the  spot  si/e  of  500  uni. 

The  target  was  a  0.9-  by  0.9-  by  0.238-cm-thick  block 
of  POCO  graphite  (type  DFP-2).  positioned  such  that  the 
laser  was  ineident  perpendicular  to  the  surface.  The 
graphite  target  was  mounted  at  the  end  of  a  lueite  rod  in 
the  vacuum  chamber.  The  spectroscopic  system  viewed 
the  laser  ablation  plasma  at  90  from  the  ineident  laser. 
Ablation  plasma  light  was  imaged  onto  the  entrance  sin 
of  a  0.275-m  spectrograph  which  was  coupled  to  a  0)24 
element  OMA.  Two  gratings  were  used  in  the  spec'm- 
graph.  the  first  had  1200  g  mm.  hla/ed  at  400-  and  70- 
niii  dispersion  over  the  detector  array  length,  and  the  see 
ond  had  600  c/mm.  bla/ed  at  450-  and  140-nm  disper 
sum  Due  to  the  limited  light  intensity  and  the  limits  ol 
the  pulse  generalot  which  produced  the  gate  used  hy  the 
OMA.  the  minimum  gatewidth  was  ahout  50  ns.  How 
ever,  bv  delaying  the  gate  in  10  ns  intervals,  time  re 
solved  spectra  were  obtained.  A  small  light  bulb  t  1-iniii 
diameter)  was  used  to  align  the  spectroscopy  optics  I  bus 
the  spectra  were  obtained  from  light  emitted  ahout  I  5 
nun  Irom  the  target  surface  (which  was  as  close  as  we 
could  place  the  filament  ir.  our  small  alignment  light  hulbi 
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III.  R t  si  i  i s 

Neither  the  laser  optics  nor  the  target's  position  were 
altered  during  the  course  of  the  experiment,  which  in- 
volved  tiring  the  laser  50  times,  resulting  in  a  deep  crater 
in  the  block  of  graphite.  A  microscope  photograph  ( 100  x  ) 
of  the  graphite  surface  is  shown  in  Fig.  2.  The  small  shal¬ 
low  hole  beside  the  main  hole  has  been  observed  in  other 
laser  target  experiments  [5]  and  is  believed  to  result  from 
imperfect  alignment  and  focusing  of  the  nonideal  laser 
beam  and  from  splattered  material.  Using  a  hxed  target 
tor  many  shots  does  change  the  effective  distance  by  a 
microscopic  amount,  but  using  the  same  spot  on  the  target 
eliminates  the  effect  of  gas  desorption  which  would  occur 
it  the  focal  position  on  the  target  were  changed  between 

shots. 

The  total  damage  was  produced  by  50  ruby  laser  pulses 
of  average  FWHM  of  25  ns  and  an  average  of  I  J/.shot 
delivered  to  the  target  For  a  simple  lens  of  focal  length 
25  4  cm  and  diameter  5.8  cm.  we  estimate  a  beam  waist 
of  TOO  /oil  in  the  focal  plane  w  ith  a  4-inm  depth  of  focus. 
The  average  focused  irradiance  per  shot  was  thus  5  x  1 0 
W  enr . 

The  graticule  or.  a  microscope  eyepiece  was  used  to 
measure  both  the  mean  diameter  of  the  hole  at  the  surface 
and  the  lengths  of  1 75-/on-diameter  wire  used  to  probe 
the  depth  of  the  hole.  Due  to  the  inability  to  measure  the 
true  dimensions  of  the  hole,  it  is  assumed  that  the  hole 
volume  is  bounded  by  a  right  circular  cylinder  having  a 
diameter  equal  to  the  mean  diameter  of  the  hoi  i  ■'  c 
surface.  The  volume  of  the  small  shallow  secondary  hole 
was  considered  negligible  compared  to  the  volume  of  the 
main  hole 


f;U!  2.  Knlargemcm  of  the  laser-damaged  POC'O  eraphile  target 


TABl.K  I 

Hon  Dimissions  snoTskiui  Duma  Asms  sis 

hole  depth  *  2225  ±  20 

mean  diameter  at  surface  =  542  i  24  |im 

avg.  volume  106t  per  shot  >=  0.0076  +  0.0006  mm3 

avg.  mass  lost  per  shot  =  14.0  ±  1.3  pg 

avg.  number  of  carbon  atoms 

lost  per  shot  =  (7.0  ±  0.7IX101  atoms 

avg.  target  thickness  ablated  per  shot  =  44.5  t  0.4  |jm 

Using  the  above  measurements,  the  average  calculated 
hole  volume  over  50  shots  can  be  used  to  determine  the 
average  volume  lost  per  shot.  Using  the  published  mass 
density  of  1.84  g / cm '  for  POCO  graphite,  the  average 
target  mass  lost  per  shot  was  14.0  gg.  Finally  ,  neglecting 
impurities  in  the  graphite  (  <5  ppm)  yields  a  value  for  the 
average  number  of  carbon  atoms  ablated  per  shot.  Table 
I  summarizes  the  results  of  the  above  measurements  and 
calculations.  It  should  be  noted  that  most  of  the  carbon  is 
ejected  long  after  the  laser  plasma,  composed  of  low-en- 
ergv  neutrals  expanding  with  an  acoustic  velocity  Is  -e 
1 4 1 ) .  and  would  not  affect  the  spectra  obtained. 

Typical  emission  spectra  are  shown  in  Figs  5  and  4. 
N  ’ ’.hut  each  individual  spectra  is  the  result  of  one 
50-ns-long  OMA  gate,  centered  at  the  time  indicated  rel¬ 
ative  to  the  peak  of  the  rubv  laser  pulse  The  specific  line 
identifications  for  Figs.  5  and  4  are  given  m  1  ahles  II  and 
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III  In  I  ie  v  the  (  III  lines  predominate  during  the  laser 
pulse  (CIV  is  masked  In  the  ma|or  (III  line  at  464.7  mill 
aiul  then  diminish  v.  hile  the  ('ll  lines  predominate.  The 
(  II  remains  lone  alter  the  laser  pulse,  as  nuieh  as  200  ns 
lor  tspieal  eases  m  the  400-  to  500  nm  region.  The  lines 
originating  from  the  neutral  (_T  were  not  observed,  and 

this  is  si . sient  ...ih  die  eolhsional-ratiiu.i'e  model  dts- 

etissed  in  i lie  next  seetion  Ir.  lag.  4.  the  strong  ('IV  line 
(at  5X0  I  nmi  is  observed  during  the  laser  pulse  as  well 
as  ('III  i  ‘0,0  6  nm  i  Again  ('ll  predominates  alter  the  laser 
piiNe  ami  then  exenlualb.  deiaxs 

IV  Moot  i  iso 

I  In  i  '  '[■  mu  tin  ulel  has  sometimes  been  used  to  dev  ribe 
the  iom/.inon  si.itiw  ol  laser  produced  plasmas  and  then 
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l  it:  4  {.mission  spectra  ol  mhv  laser  produced  e.trhon  .dilation  plasma 
l  ath  spectra  is  the  result  ot  one  yatevsidlh.  50  its  lone,  t entered  at  the 
limes  indicated  relative  to  the  peak  «>t  the  mhv  laser  pulse 
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hlow-ofl  regions  |3|.  Since  (he  corona  mode!  is  indepen- 
dent  ol  electron  density,  one  cannot  determine  the  elec¬ 
tron  density  Irom  spectroscopic  measurements,  unlike  the 
I  I  I  where  the  Saha  equation  can  lead  to  electron  densiU 
estimates  h\  comparing  intensities  ol  lines  resulting  Irom 
subsequent  loni/ntion  states  In  an  experiment  b\  Roland 
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i ;  ul.  |4|.  they  used  a  5-J  ruby  laser  with  a  pulsewidlh  of 
I  7  ns  to  produce  ablation  plasmas  from  polyclhy  lenc.  As 
summe  1.TH  conditions.  they  estimated  their  electron 
dcnsitv  to  he  about  10  to  10  '  em  ’  1-mm  away  from 
their  target  using  absolute  intensity  measurements.  Since 
our  laser  pulse  was  much  less  energetic  than  their  pulse, 
we  estimate  that  our  electron  density  is  much  less  than 
I ();  cm  '  and  that  LTH  is  not  valid  tor  our  results. 

To  till  the  void  between  the  predominantly,  eollisional 
l.TH  model  and  the  corona  model,  the  colltsional-radia- 
tive  model  was  developed  |2|.  The  C  R I.  model  is  a  com¬ 
prehensive  model  that  can  accommodate  lower  density 
plasmas  where  radiative  effects  become  significant  in  de¬ 
termining  the  ion  populations,  as  well  as  account  for  the 
transitions  to  higher  density  l.TH  conditions.  The  essen¬ 
tial  difference  between  this  and  the  coronal  model  is  that 
as  plasma  density  increases,  the  eollisional  processes  be¬ 
come'  more  significant  in  determining  the  excited  state 
structure.  To  account  for  this,  eollisional  excitation  and 
recombination  are  included. 

A  collisional-radiativ e  model  for  carbon  ablation  plas¬ 
mas  wjs  developed  | S j  I  he  atomic  states  that  provide  the 
basis  for  the  model  are  the  ground  state  and  typically  six 
to  12  of  the  lowest  excited  levels  of  each  ion  species.  In 
some  cases  the  included  levels  are  representative  of  a 
combination  of  nearby  degenerate  states  F-or  example, 
most  levels  of  carbon  IV.  V.  and  VI  are  modeled  accord¬ 
ing  to  principal  quantum  number  n.  that  is.  the  properties 
of  the  various  nl  sublevels  have  been  averaged  over  an 
eulur  momentum  and  magnetic  quantum  numbers. 

The  atomic  processes  that  are  represented  are  colli 
sional  ionization,  ihree-bmlv  recombination,  eollisional 
excitation,  eollisional  deexcitation,  spontaneous  emis 
slop  radiative  recombination,  and  dielectronic  recombi¬ 
nation  Ihev  are  shown  schematically  lor  a  simple  three 
level  ion.  alone  with  their  corresponding  transit  ion  in  Hig 
s  \  moie  detailed  discussion  of  this  model  is  given  in 
1X1 

Ihe  atomic  processes  are  mamlc'stcd  m  a  set  of  rate 
jeaM'Wiv  one  for  ei  h  uiottin  stale,  having  the  form 

‘In  .  . 

It  ii  A.  <  n  (If 

,lr 

where  n  is  the  population  density  ot  it. mile  level  /  and  ( 


l  i'_*  5  I  hrvv  !vwl  cli.iv’um  liisplawnt!  f he  .itorttK  provt/vscs  rvfMVH‘fik\l 
m  the  voliiM»»nal  nuulcl  S  i  collision.il  lom/alion.  is  i.uii.i 

ri’.e  av*  Miibm.it  n mi.  J  i \  :hrcr  KuJv  recomhinaiion.  »i  .  i'  dielectronf 
rct.iMnhin.it io*i  v  s  election  eollisional  cm U.iIumi .  V  is  c**!1im»mu! 
dee it. tin'll .  and  l  is  ‘ponlancoiiN  emission 

is  the  sum  of  the  reaction  rates  representing  the  atomic 
processes  for  transitions  from  state  j  to  i.  The  rate  eoei- 
fieients  C'.’s  were  obtained  from  the  Naval  Research  Lab¬ 
oratory  data  base.  The  processes  and  methods  used  to 
calculate  the  rate  coefficients  have  been  prev  iously  doc¬ 
umented  by  Duston  et  al  |9j.  It  is  assumed  that  the  equi¬ 
librium  nature  of  the  CRH  model  is  valid  lor  this  experi¬ 
ment:  i.e..  the  left-hand  side  off  I )  is  a  set  equal  to  zero. 
This  assumption  is  justified  because  the  hydrodynamic 
time  scales  estimated  from  the  time-resolved  emission 
spectra  studies  are  long  in  comparison  to  the  relaxation 
times  of  atomic  states. 

Once  the  equations  are  solved  for  the  population  den¬ 
sities.  it  is  a  straightforward  calculation  to  find  the  effec¬ 
tive  charge,  specific  states,  ionization  energy,  radiation 
field,  and  other  information  that  depends  upon  knowledge 
of  ihe  populations. 

We  have  included  radiative  cooling  due  to  line  recom¬ 
bination  and  bremsstrahlung  radiation  for  the  simulations 
described  in  this  paper:  however,  since  no  transport  of 
radiation  is  performed,  the  model  is  only  strictly  valid  for 
optical!'  thin  plasmas.  It  should  also  be  mentioned  that 
we  have  neglected  the  explicit  effect  of  reduced  ionization 
potentials.  This  approximation  could  have  an  impact  upon 
higher  density  results. 

V.  Dwosmon 

F  ig.  f>  shows  the  ion  concentration  of  successive  ioni¬ 
zation  stages  of  carbon  for  an  overall  electron  density  ol 
If)1  cm  calculated  using  ihe  CRli  model.  A  rough  es¬ 
timate  ol  the  temperature  can  be  made  by  noting  the  ab- 
-.cuce  and  presence  of  certain  ionization  stages  F-or  ex 
ample,  in  Fig.  4.  (TV  dominated  during  the  pulse  and  ('ll 
ot,-r  i ft;  pulse,  wnh  ih-*  presence  of  ('III  occurring  at 
limes  in  between  From  Fig.  6  one  can  estimate  ihe  range 
of  the  electron  temperature  to  he  about  10  12  eV  during 
the  pulse  (based  upon  the  fact  that  (’IV  predominates  over 
(  III),  decreasing  to  A  A  cV  within  50  ns  At  electron 
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Fie  6  Ion  abundance  curses  lor  a  total  ion  density  of  I  <  10'  cm  v  as 
calculated  from  the  collisional -radiative  equilibrium  model. 

densities  between  1012  and  1()15  cm  '  the  ion  concentra¬ 
tions  do  not  change  significantly  with  temper-nitre  and  thus 
these  temperature  estimates  remain  about  the  same  re¬ 
gardless  of  the  density  in  this  region.  Note  that  even  at  4 
eV.  the  Cl  concentration  is  0.01  that  of  Cll.  so  it  is  not 
surprising  that  Cl  is  never  observed.  By  the  time  the 
plasma  has  cooled  and  recombined  to  the  point  that  Cl 
would  be  observed,  the  plasma  has  moved  out  of  the  field 
of  view  of  the  spectrograph. 

A  more  accurate  estimate  of  the  electron  temperature  as 
a  function  of  time  was  made  by  comparing  the  intensities 
of  two  experimentally  measured  lines  to  intensities  cal¬ 
culated  from  the  population  densities  predicted  by  the 
CRH  model  for  a  plasma  with  n,,  =  101-  cm  '.  I  he  dig¬ 
itally  integrated  intensities  of  the  two  largest  lines  t  Cl  I  at 
427  nm  and  CIII  and  460  nm)  were  used.  The  results  are 
illustrated  in  Fig.  7.  The  resolution  of  the  optical  system 
was  not  adequate  to  determine  if  any  other  species  con¬ 
tributed  to  these  lines,  so  we  assumed  that  these  states 
were  the  sole  contributors  to  the  observed  lines.  Never¬ 
theless.  the  temperatures  do  lit  an  exponential  decay  (de¬ 
noted  with  the  smooth  line)  after  a  peak  value,  as  would 
be  expected.  The  e-folding  time  for  the  decay  of  the 
plasma  temperature  was  found  to  be  about  90  ns.  Also, 
the  approximately  2()-ns  delay  in  the  peak  temperature 
corresponds  to  a  streaming  velocity  of  7.5  x  10h  cm/s 
which  agrees  very  well  with  the  streaming  velocity  of  8.4 
!()''  cm/s  obtained  for  conditions  similar  to  this  exper¬ 
iment  using  a  Faraday  cup  1 10] .  l'he  temperatures  shown 
in  Fig.  7  are  well  within  the  range  of  those  expected  for 
a  laser  irradiance  of  If)"1  W /cm’  ( 1 1 1. 
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Fig.  7.  Electron  temperature  ol'the  laser-ablated  carbon  plasma  versus  time 
relative  to  the  peak  of  the  ruin  laser  output,  obtained  by  comparing  the 
Cll  (427  nm)  and  CIII  <465  nmt  intensities  to  those  calculated  from  ex¬ 
cited  state  densities  predicted  from  the  CRP  model  The  curve  describes 
an  exponential  lit  to  the  data. 


This  paper  has  shown  that  plasma  temperature  can  be 
ob’-'.ined  from  plasmas  w  hose  parameters  fall  between  the 
region  of  validity  for  the  LTE  and  corona  models  by  com¬ 
paring  spectroscopic  data  to  excited  state  den-  ities  pre¬ 
dicted  by  the  comprehensive  CRF  model.  This  opens  up 
the  possibility  of  diagnosing  a  variety  of  plasmas  that  tra¬ 
ditionally  have  been  difficult  to  diagnose  because  of  their 
plasma  parameters. 
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Kclutivisiic  eleefon  beam  interactions  with  v<.iy  small  ratios  of  nitrogen  to  helium  (  10 
1()  ')  have  been  found  to  produce  extremely  large  \.  (/?!„'  -.V  iy  )  intensities  at  391.4 
and  42"1  8  nm,  compared  to  line  intensities  originating  from  helium.  These  results  occurred  in 
the  total  pressure  regime  of  0. 1  —500  Torr  The  pressure  scaling  results  presented  here  are 
inconsistent  with  previously  proposed  kinetic  mechanisms  for  the  N.'  laser  pumped  by 
helium  With  a  simple  model  of  the  chemical  kinetics  we  show  that  th: .  ctTcci  is  due  to  the 
colhsional  transfer  of  energy  between  excited  states  of  helium  atoms  and  the  ground  state  of 
N 


It  is  well  known  that  population  inversions  of  the 
H  1  .V  1  electronic  transitioi  of  N .  can  be  achieved 
in  ttie  presence  of  helium  1  Two  possible  mechanisms  have 
been  used  to  describe  the  pumping  process.  Collins'  believes 
the  upper  laser  level  is  pumped  by  charge  transfer  from  He, 
to  N  kokavva  cr  ai  believe  that  electron  impact  excitation 
is  the  dominant  pump  mechanism.  Most  of  the  research  per¬ 
formed  on  the  N  laser  has  involved  large  overall  He-N: 
|  discharge  pressures  (  1-36  atm)1  -  where  the  presence  of 

He  may  be  feasible  Investigations  of  lower  (  50  Torr) 

overall  pressures,  however,  have  observed  population  inver¬ 
sions  in  atomic  nitrogen  1  rather  than  in  molecular  nitro- 
I  gen.  Population  mechanisms  proposed  for  atomic  nitrogen 

’  lasers  range  from  excitation  of  nitrogen  atoms  bv  collisions 

between  metastable  excited  atoms  of  helium  (2  .S')  and  ni- 

Itrogen  molecules’  to  the  recombination  of  electron-ion 
pairs  1  In  this  letter,  we  present  intensity  measurements  fora 
wide  range  of  helium  to  nitrogen  ratios  for  relativistic  elec- 

I  tron  beam  pumped  gases  in  the  intermediate  pressure  range 

off).  1  500  Torr  anti  show  that  these  results  are  inconsistent 
with  the  above  mentioned  m  •chanisms.  We  also  present  a 
simple  chemical  kinetic  mod  d  which  is  consistent  with  our 
experimental  observations. 

I  he  experimental  apparatus  has  been  described  pre¬ 
viously  Hie  experiment  consisted  of  a  relativistic  electron 

I  beam  at  a  peak  voltage  of  3<X)  keV.  a  peak  current  of  1  kA. 

and  a  pulse  width  of  300  ns  The  diode  consisted  of  a  2.5-cm- 
Jiam  carbon  brush  cathode  and  a  0.025-mm  titanium  anode 
toil  |  he  beam  was  ni|cctcd  into  an  aluminum  v  acuum  v  esse  I 

I  with  Incite  vv mdnws  on  the  sides  and  end.  I  he  emitted  light 

i!  sev  era  I  helium  partial  pressures  each  with  nitrogen  partial 
pi  assures  o|  li.l.  Land  10  I  orr  vv  as  sampled  axiallv  I  lie 

I  light  w  as  alia  I  y  /ed  bv  a  0  27  5  -in  spectrograph  coupled  loan 

opt  1 1  al  multichannel  analy  /er  tOMAj.  I  he  O, VI A  was  gat  - 
ed  with  pulses  ot  50  and  x(H)  ns 

II  or  all  experiments  where  helium  was  present  with 
small  1 1 *  large  amounts  of  nitmeen.  two  very  intense  lines 
wereobserved.it  '**  I  4<ind  427  Xmn  1  hese  lines  correspond 
to  if.  'll  lii  mej  ;  I)  !;  v  iliralion.il  transitions  in  the  first 

I 


negative  band  of  N;'  .  B  -X  .  Lines  originating 
from  atomic  or  molecular  helium  had  negligible  intensities 
for  these  cases.  When  no  nitrogen  was  present,  the  major 
lints  were  attributed  to  neutral  atomic  helium  at  388.8. 
447.1.  501.5,  and  587.5  nm.  In  time-resolved  studies  per¬ 
formed  with  OMA  gates  of  50  ns  delayed  by  20  ns  for  each 
pulse,  the  N,  light  emission  was  found  to  follow  the  beam 
voltage  after  the  initial  rise  time  (see  Fig.  1).  During  the 
time-resolved  studies,  no  other  lines  were  observed  except 
for  the  391.4-  and  427.8-nm  nitrogen  lines.  Figure  2  shows 
the  relative  intensity  of  the  391.4-nm  band  as  a  function  of 
helium  to  nitrogen  ratio  for  nitrogen  partial  pressures  ofO.  1. 
1 .  and  10  Torr.  Figure  3  shows  similar  results  for  the  427.8- 
nm  band. 

As  seen  in  Figs.  2  and  3.  the  largest  light  intensities  at 
39 1 .4  and  427.8  nm  for  a  given  pressure  of  nitrogen  occur  for 
the  largest  ratio  of  He/N:.  That  is,  the  more  helium  present, 
the  more  light  is  produced  up  to  total  pressures  of  about  300 
Torr  where  the  intensity  levels  off.  The  linear  portion  of  the 
curves  corresponds  to  a  slope  of  about  1  for  the  range  of  total 


I  K  i  I  Hf.im  \oIi,ilt  i#t  .mil  ''l)|  4  nm  i  i  ;uut4^  X  nm  ill  fmission 
h  mtl  mit  tiMtii-s  .is .» lu iu  I  h  hi  oi  l  nnc  I  he  p.ir  lui  pi  ess u rev  of  \  ,uul  helium 
wne  1 1  Vi  ml  ]f  H  i  1 1  u  i  <  >ptu  ,il  mull  k  h.miiel  .m.ilwer  pules  weie  ‘'I  >  ns  .nul 
limes  pfoffetl  .nr  h  -r  I  he  i  enfer  d  t  he  e-ite 
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Hon  i  I  )  ns  illustrat'd  hv  .1  simple  kinetic  model  Assume 
that  I  tie  electron  beam  excites  i  he  lielnnn  from  I  he  giound 
slate  In  1  tie  a  '.V  slate  as  follows 

Met  1 1  .V  >  •  c.  -Met  l‘  t  -  (2) 

w  Itere  A  is  the  rate  const  ant  lot  i  ear  in  m  <  2  i  and  is  a  lime 
lion  of  the  electron  beam  cnergv  At  lou  pressures,  the  mam 
deactivation  mechanism  ot  Ilel  4  /’i  and  N  i  II  i.  i  is  In¬ 
dians  e  decav 

t  tel  '  /’)  -Held'S)  -  hv  ....  i  >  . 
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p.itll  yx 
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!  alii  I  '•••"  'mu  in  !  he  v  a -r  . -I  the  ->>  s  nit;  icie 
v  t  ’  his  1 1 an sition  is  w;  \  cii  >se  to  that  ot  the  N 
■  and  1  a  e  ret  ore.  a  p.  >s m  tile  nice  ha  nisi  n  |  nr  ilk  e  \ 
■  ;  tins  band  is 


\  .vi.-  4  /•  -n  ■/>'  !•■  i id :  r  .  i . 

a  here  A  is  ih-  i  -.n.  t  :•  a;  tale  .-  to!  ml  Since  'he  slope  of  the 
log  ot’ihe  ititeii'ilv  as  a  I  u  net  ton  ol  the  lop  ot  lie  N  is  close 
to  I  for  ! he  small  N  partial  pressiue  cases,  there  appears  to 
Ise-  a  one  to  ..tie  corn •spondenee  between  the  number  ot'phn 
tons  emtiteii  lot  the  given  bands  and  the  number  of  helium 
atoms  piesent.  above  a  particulat  helium  to  nitrogen  thresh¬ 
old  This  one  to  one  correspondence  is  consistent  with  rcac- 
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Note  that  Hoi  2  Si  is  a  met  as  la  isle  state  \S  e  also  make  tin 
following  assumptions,  all  back  reactions  are  negligible, 
colhsiiina!  elecav  ol  He  '  /’  is  uinmpoti.int  Iw.iik  the 
exchangee  tcaclion  il.  '  /'  H  4  S'  -He  .'  S 
■  He'  '  I'  does  no;  alter  :1k  H  :  /’  .-•iicenn.iuo;.  .’la 
colltsiona!  ejueiie  lung  ■  >1  N  ■  H  1  is  uiumpor l .* t . t  l  .i  .  a 
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:lk. !  the  election  beam  dciisitv  t  m  be  appt o-amated  in  at; 

e\p.  -tie: 1 1  ini  of  l  he  h>rm  [  >  |  I  .  ,  j  -  i 

a  here  j .  ]  is  some  constant  vim  uclcnst  ic  of  l  he  hcam  tie  t 

attei  a  atiel  are  constants  w  hie  It  ties.,  i  the  the  beam 
e.ittem  temporal  profile  We  now  u  i  lie  a  dillci  eui  i.d  cqu.i 
Hon  for  Het  4  />;  as 

</  I  Het  '  /'ll 
dl 

A  I  He i  I  '.S' i  j(e ...  ["(<-  t 

k  |  Het  4  /')  !  A,|  I  let  4  7')  j  |  \  <  A  1  i  ]  iN 

Now  assume  that  t  he  ground -state  populntn  ms  Het  i  '  S  ,  atiei 
N  A  1 !  stav  approximated  constant.  I  lien  a  linear,  ho¬ 
mogeneous.  otdmarv  differential  equation  exists  for 
IHet.V  P )  |  and  can  be  solved  using  standard  techniques. 
I  he  solution  is 


|He(  V/7]  ell‘  ■  -  -  '  --  ' - I.  (hi 

V  k  10 ,  A  10 

where  A  A,|N.  (A’  i. )  j  -  A.  and  I  k  [  Het  l-S)  | 
-  \c>  \"  We  can  also  write  t he  rate  equation  for 
|N  (H  I)  | 

d  [  N,  (/AS)] 


dl 

k  ,  |  N,  ( X  il )  ]  [  Het  4  P)  ]  A,[N.<«£)|  (7) 

Substituting  J I  let  3  ’/*)  |  from  Lq.  (b)  and  solving  for 
[  NV  ( li  1 )  j  gives 

[V  [/il)  ]  A,[N.  t.V  V,  |  |  He  (  I  ’.V)  |  { c,.  |" 
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..ill  -.f  ;  I 

le  data  sii.  .w  n  111  1  Igv  2 

i!  piessiire  increases,  the 

’  I;:.-.  •etih.uic..mcllt  decreases.  as  Will  a>  lllc 
•  ;-i!’  t'lhe  'iiteiiMi  v  versus  pressure  ratio 

I  p.tiit.tl  pressures  of  o  1  I  orr.  the  emit- 

1  .!  »:!•.  ■'  ■  ih-'.k  almost  i  f.tcMi  of  1(H)  whereas  lor 

1  ;  i-’i.i:  ;-r;  semes  •  >f  ! ' 1  !  •  *rr.  the  overall  increase  is 

Mi  hi  .1  t'.i  :m  !'i  s  nip. uvd  !•>  the  no  helium  case.  It 
ipp. ,!i'  1  i ..  1 1  .1  impun.nii  coihsional  depopulating 

':.('i's(>i  -I  N  /ill  is  collisions  uilh  oil.sf  nitrogen 
mo  d.  ules 

No  e  1  at  .up.  1  line  w as  emission  title  to  1  1 1  nr  postulated 
(I.  >ee  Ret  t>  •  'hscrv ed  f  hi" .  in  addition  to  the  (act  that 
Mi-  Inchest  ■  u  ei  all  pressure  e\anuned  was  500  Ion  .  leads  to 


the  cone lusion  that  charge  t ransfer  between  He  w as  proh- 
ab!\  negligible,  also  since  lor  example  the  4XN.X-nm  helium 
line  winch  populates  the  metastable  state  of  helium  was  not 
observed  to  increase  or  decrease  with  the  4l>  1  4-nm  band,  in 
contrast  10  the  results of '  Atkinson  and  Sanders  ‘  Instead,  the 
'NS  S- 11  in  helium  line  was  observed  onlv  in  the  absence  of 
nitrogen,  thus  it  is  doubtful  that  direct  transfer  between  the 
mctastable  stale  of  helium  1  2  Viand  tile  \  ill  iilwassig 
niticaiit  Kohowa  cf  (//..  claim  that  electron  impact  iom/a- 
tion  is  the  ma|or  pumping  process  and  that  the  presence  of 
helium  onlv  helps  to  raise  the  electron  temperature  inthcr 
than  suppUmg  reactants  for  the  pumping  process.  I  he  re¬ 
sults  presented  here  show  a  definite  helium  dependence .  par¬ 
ticular!)  since  we  have  shown  prcviouslv  that  the  electron 
temperature  is  pressure  insensitive  for  out  t  -beam  produced 
discharges. 

kclativ  istic  electron  beam  pr.  >t  I  need  plasmas  m  helium 
nitrogen  mixtures  produce verv  large  i  n !  oil  si  1  \  lines  a!  T  '  4 
ami  42”  s  ..in  I'h.ese  lines  originate  from  the  vih.aMona! 

:  ransition  of  1  n  f  1 1  anil  ■  0  l  int  he  first  ncgativ  v  s\  stem  of 
\  The  line  intensities  increase  as  the  ratio  of  helium  to 
nitrogen  increases  I  lie  greatest  mcease  is  seen  for  the  1  w  ■ 
est  nitrogen  eoneentrations  I  he  increased  mi-eusM)  is  1 1 1 1 ' : 
witli  helium  pressure  between  the  total  pressure  of  !!>  '<10 
I  orr  for  small  partial  pressures  .  0.1  I  1  >  1  orn  of  inn  .  -gen 
I  his  increase  is  believed  to  be  due  to  collision.!!  Munster  pt 
citcrgv  between  liehuin  excited  states  and  the  N  ground 
state  as  shown  hv  the  agreement  between  "m  simple  kinetic 
mode!  and  experimental  results 
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Fast,  sensitive  laser  deflection  system  suitable  for  transient 
plasma  analysis 

C.  L.  Enloe.  R.  M.  Gilgenbac'n,  anu  J.  S.  Meachum 
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I  <u  I  'i  l/.i  hwi.  tnn  !'/>,. /•.  U/c/i/.g //,’  JXlt'V-JIlIJ 

(Received  M  May  1  As";  accepted  tor  publication  26  Mav  1Ak7) 

A  laser  deflection  measurement  system  has  been  dev eloped  vv  Inch  is  both  Iasi  <  r  ~  2!)  ns  )  ami 
sensitive  i  SA  ::  0.!'  //rail  j.  I  his  diagnostic  is  capable  of  sensing  and  discriminating  between 
electrons  and  neutral  panicles  in  a  multicomponent  plasma,  and  yields  quantitative  results. 

I  lie  technique  allows  continuous  measurements  in  time.  Construction  is  inexpensive  and 
simple  to  held.  I  his  system  is.  therefore,  highly  competitive  with  traditional  techniques  m 
diagnosing  the  development  of  transient  plasmas. 


INTRODUCTION 

Iu\  cstig.it ion  oi  l  lie  tunc  evolution  of  the  plasma  produced 
by  the  interaction  . <f  a  high-power  laser  with  a  target  is  an 
example  of  a  situation  in  winch  a  last,  versatile  probe  ot 
plasma  density  o  desirable,  Such  a  plasma  is  short  lived, 
since  the  plasma  is  expanding  with  a  velocity  on  the  >  'filer  of 
'dieiti  // s.  .util  composed  ofditferent  components.  In  partic¬ 
ular.  at  ear  lx  times  a  dense  plasma  exists,  whereas  at  late 
times  the  presence  of  a  neutral  component  is  significant. 

flic  common  technique  of  pulsed  laser  schlieren  pho¬ 
tographs  is  inadequate  to  diagnose  the  temporal  evolution 
of  such  a  plasma  m  a  single  shot.  Although  fast  (20-ns) 
"srunici  it'.g  times"  can  be  obtained  by  employing  a  <J- 
su itched  ruby  laser.  n..u,y  identical  plasma  shots  are  re¬ 
quired.  varying  the  timing  of  the  probe  laser,  m  observe  the 
plasma  evolve  m  tittle  In  many  cases,  dillieulties  arise  be¬ 
cause  ”f  the  neutral  component,  since  the  presence  of  a  plas¬ 
ma  is  a  negativ  e  perturbat  ion  in  b.c  hide'  of  refraction  vv  title 
the  presence  of  neutral  particles  is  a  positive  perturbation.  If 
a  pinhole  is  used  as  a  spatial  filter  in  a  scl)h*'ren  system,  the 
technique  can  simultaneously  detect  both  plasmas  and  neu¬ 
trals.  but  cannot  distinguish  between  them  If  a  Knife  edge  is 
used  as  a  spatial  filter,  the  technique  can  distinguish  between 
the  two  but  cannot  detect  them  siniultaneouslv .  I -uniter,  n  is 
difficult  to  obtain  quantitative  results  from  schlieren  photog¬ 
raphs  1  Applying  the  technique  of  holographic  interferome¬ 
try  eliminates  these  dillieulties.  but  at  the  expense  of  a  large 
increase  tit  cost  anil  complexity,  since  not  only  are  the  laser 
optics  required  to  make  the  In  >1* icram  more  complex,  hut  the 
hologram  must  be  reconstructed  in  order  to  interpret  the 
results 

DhiLUiosme  density  by  measuring  the  deflection  of  a  la¬ 
ser  beam  is  m  analogous  technique  to  schlieren  photogra¬ 
phy.  in  I  hat  boili  techniques  are  sensitive  to  index  of  refrac¬ 
tion  gradients  I  he  technique  has  been  successfnllv  applied 
to  a  number  of  fields  the  chief  impediment  toils  apphealn  >n 
to  transient  p|  a^iti  as  has  been  one  of  speed  In  this  article,  we 
present  a  laser  deflection  sy  stem  capable  of  delecting  deflec¬ 
tions  "I  o  q  //rail  on  a  l nne  scale  o|  20  ns  Hence,  its  speed  is 
coni  parable  to  O  sw  itched  ruby  laser  sc  It  her on.  vv  hile  its  sen- 
Mtivitv  is  over  two  orders  of 'magnitude  me. iter  It  is  inher¬ 


ently  quantitative,  while  at  the  same  time  being  much 
simpler  and  less  expensive  to  implement  than  a  ruhv  laser 
and  associated  optics. 

I.  LASER  DEFLECTION  TECHNIQUE 

Figure  I  illustrates  the  laser  deflection  technique  ap¬ 
plied  to  a  laser-produced  plasma.  The  target  material  is  pro¬ 
duced  by  focusing  the  output  of  a  (^-switched  ruby  laser  on  a 
graphite  surface.  A  5-m\V  He-  Ne  probe  laser  t  Jodon  Laser 
model  HN-2SHP )  is  deflected  by  index  of  refraction  gradi¬ 
ents  as  it  passes  through  the  laser-produced  plasma.  The 
angular  deflection  is  given  bv1' 


Jp.,ni  fi 

where  ft  is  the  index  of  refraction.  is  the  unperturbed  index 
of  refraction  (approximately  equal  to  I  ).  V  n  is  the  gradient 
in  the  index  of  refraction  nernendicular  to  tne  path  of  the 
beam.  D  is  the  thickness  of  the  plasma,  and  <  >  indicates  a 
line  average  taken  over  the  path  of  die  probe  laser  m  the 
plasma  Since  deflections  are  small,  this  average  is  taken  over 
the  straightline  unperturbed  path.  The  deflection  of  the 


\  u  ■  !  I  '.pi' i  munl.il  i  * MthiMiMUnn  .uni  i  ■:  .sIhh 

'i  -  !  i  M  p:  S  !  :  u-  . \  ■  (  *  .11  n«  m  l.ii  l’v.  l  1 1  K  nln  !.k  i  tv.im 

>1  •  I  .IS;  T  [it  •  .vi'iv  ■  <f  |  'I.IMII.I  •  V  t  Oil. nil  .lit!  tit  !t.c  h  'I  '  }  1  I  )llk'H  IK  tiff  lllc! 
.  1 1  \ ?  j .  ■  ■  i  1  j  ;  1 1  \  1  J  lit  V  1  isfl  line  Till »  r 
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•s  ■  !,  •. ..  •  .1  •%.;>  ei  sc«sv>r.  spvv'i'.aii'  i  ip  idi  in! 

■  •  v,;.  ;  l -t-.r  Corporation  'lb-de!  s|). 'V'-J' 

. -s.  v  :  :  ^pi >iw  i !'ik  I  In.  '.v-j t -  •;  and  it' 

a  catcd  a  di'iutur  /  !:'•  m  » *!i-  pl.i- 
\  •:  •  i.  !  ' ; i  >t  is  tnlutvtiily 

:  ,  1  i .  V  i.i'-.r  cncfiile:  iMiv.i  mf  •'•!..!  the 

■.  i deu  .  t-  i  so!: ml  .  \  in  dim i i:at 

n:T  „[.  :  i:.:h'  1  tty  "Utput  of  tils'  dc’-.s  tor  !s  p;'.  cv  ■ 

■  ■  •  ■  .l/'lc  •  !.  I  ■  (  !  ,  W  LctV  1  h  C  v  ' !  .'1 .1  [1  ' 

1  -  .  d;hr  C. d 

1  ;•  piastius.  :h  kmc-.  ill  index  -  ■!"  I  cl i  ic  i  i- >n  .')>  p:  > 

i  eal  lii.'  Jr  :  .!-.  i.-MS  >:  .  .ilkf  !'  given 


v  her.  ,  ■  >  i  he  clc..  i  roii  >.  lurge.  m  is  !  he  elect  run  mass,  and  /  is 
lie  laser  frequency .  s, .  that  K  I  ■  Id  cm  lor  He 
se  user  I ic'nt  I- or  neunai  particles.  iV?  is  proportional  n>  tlie 
lelilral  density  n  .  ami  is  iilU’i)  by ' 


,Vi  I  -  I  <),.  K,.n...  (.Vi 

'  »  /sir 

\t  S  [  I1,  the  neutral  density  n„  2.6N68  •  ID1'  cm  and 
>;  1  *  2.',b  .  10  1  for  He  Nc  laser  light,  so  that 

\  i  or:  ■  in  cm\ 

I  he  key  to  the  performance  of  this  system  is  the  detector 
i re ui ! .  show  ii  in  l  ie.  2.  I  he  quadrant  detector  is  essentially 
our  photodiodes  on  one  substrate.  Fach  pair  ol  anodes  on 
a  ther  side  of  tin  v  ertr.al  midplane  tire  connected,  so  lli  it  the 
letf’e  tor  is  seiisiliye  only  to  tiori/ontal  deflections  of  the 
■rols-  laser  \  bias  y.iltage  ol  .Vj  V  applied  to  the  common 
nne  ir  is  i"d:a  es  i lie  •utptil  capacitance,  and  hence  the 
r  spoils.  Imie  of  the  •  leleetor  v  nil  age  Is  dey  eloped  across  a 
!  i  M  .!•  t  ■  'ii  idi  side  I  his  resistance  y  a!  lie  \y  is  cln >sen 
1  iplimi/r  i In-  cam  Hindu  idi h  product  ol  the  sy  stem  I  lie 
:  ."1  ■  j  f:  ■  ;r  .  h  -id"  is  •  ■ 1 ;  If  -  -  r  e'tl  a  lid  passed  'll  In  a  15  -gall! 
':!!  ••  1  .  ,  S  ',  ■  e 1 , 11  •  ;  o i . 1 1 :i "  ,  ontiem  a! lop  is 

i  -  ■.  I  'ii  d'  :  'io-.-io!l !  -■■  in  .  itiuni >n -  mode  noise  such 

i.  .is . .  !,v  ;  pom  I  he  ami .jilici  iscapanie  > ■' 

1 1 ■  .:  s’.  in  id  to  ippro\imatelv  1  \  \  hteh-pass 


filter  is  used  >  <  cbmm.it-.  ’  lie  etlec1'  .  d  me.  lie i::,  i  r  a  a  "o';  - 
2"  11/  troni  l  he  -  mi!  put 

I  he  sens!  1 1  y  it  y  ofthc  system  is.i  function  I  l.i'-ei  ; .  ■ 
and;  spoi  si/e  li  generally  increases  a'  the  moment  .cm  I 
lunxexci.  lot  large  /  the  cllect  "j  beam  d’xet  Jetts'.  !'  iai  gi 
and  iiie  avi\ an- ige  ot  the  long  at  m  tlimmi'iic'  I  u  the  las,. : 
employed  /.  '  ill  ippears  to  be  opium"!:.  yielding  ;  I 

iir  4  2  mA  orad  Since  ihe  output  muse  level  is  app'o\;- 
male  A  2  in  \  .  the  re ..  ’I  lit  ion  of  t  he  s_x  stem  is  appi  oxi  match 
■•).?  /.rad  I  or  comparison  consider  a  tx  pica  I  schheten  so- 
iciii  yy  ui;  a  5i « '-mm  Idea:  length  lens  and  a  F'1 '-//m  pmiiole 
If  yye  assume  that  tlie  minimum  detectable  deflection  is 
eejiiic ak'ii t  to  a  one  '-stop  change  in  density  on  the  him.  then 
the  resolution  of  this  schheten  sy  stem  is  approximately  b  in 
mad  Therefore,  the  laser  deflection  technique  oilers  liighci 
resolution  than  l  he  schheten  technique  by  met'  two  orders  of 
magnitude 

1  he  1 1 me  i  e  s| >\ '.c,  s^  c.l  t  hs  sy st^ ' ested  by  masking 
one  side  of  the  detector  at  a  time  and  using  the  detector  to 
view  a  highly  attenuated  ruby  laser  pulse,  comparing  the 
output  10  ih  'i  of  a  last  (  2-ns  rise  time  I  PIN  diode.  The  ie- 
sults  are  shoyy  n  m  Fig.  2v  L’sing  the  formula  for  I  he  addition 
of  rise  times, ' 


we  find  that  tlie  response  time  of  the  c  i  i  cull  itself  is  approxi¬ 
mately  20  ns.  Diflcrences  m  light  paih  Icngtlts  to  tlie  delec 
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v  .it'll-  ic'-th'  timo  t  lie  deu-v  tors  ti>  i!k-  oscilloscope.  and 
ivc  'mime.  iviwvci:  'Ik-  » "-v' 1 1  li "»«.'> >pf  channels  .Kvouni 
! .  "  '  hau  !  :is  ;n  timme  didcrcncc  Ivtw  an  the  signals 
\  .li.u:!  d.v.r.  •  >:  ippi-'viin.ltciv  (is  Is.  the!  dole. 


II.  APPLYING  THE  TECHNIQUE  TO  A 
MULTICOMPONENT  PLASMA 


V:-v.  ::  I.a.--  :L\.  >n  tcdi;iu|uc  v  leUk  mf-  h  illation 

>i.--s::->  ji.td: .-v1 t  -  ■’  u:r.  .i'''iti.u\  eonlicutution.  II  is 
'  pi  -’k  tip-  pi.istp.i  ,i:  .1  miinKr  ol  positions  over  a 
’  •  I  sh.  Ps.ipii  mV.:-  :!.■.<■>•  \  ■  w .i  s;i:ii-f  t,  >  obtain  the 

-  1  .  .N>>-b,if  •:  1 1  UcVel.  It!  m.UIV  cases.  II  is  passible  ti> 

r:  .i.-:>P'.  pi:  :p  i  :  i  - : :  >:i  ,t  single  shot.  ll’lhc  vlfnsii  \  :is;i 
• ;  :  .  •!  '  ;i:;p  .  ip  cast  j,i  1  Ik-  !’i  Tit i  . -I 

S-  ».  •  I  s  | 

iip  deftsfv  js  ,i  (unction  of  space  .md  Iiiik-.  .V  is  a 
.  i.:.'  i.  up!  '  a  ,i  u.ipt:  hi  wludi  describes  the  shape 
:  :  -  -  .  : - ;  - 1  > .  iPii'nik  I  .>i  example.  in  thecaseot 

■  p-  Pi....!  p  i.  i  s._  If  simil.ii  expansion  model 

-  - 1  P-L  I  1  1  each  spec  li.-s. 


A  :  •  .  :  :  i.  t'n  sjk  \  L  ihe  total 

-  .: . ';M'sp..-  t  .!  b\  the  laser.  '  Is  the  char- 

'  -  - 1  ■  .  >  ;-'.iPs!  p  i  . :  •  .  '  i  ha!  spec k-s  not  nial  t,  >  l  he 

'  «  p  !  aril  ■  a  ill-.  •  it..*  of  parallel  t<>  perpendicular 
.  '  .  s  f,  -r  r ri.j.’  spivn-s  l-icnt:-  I  tllti'irales  the  coordinate 

,  s-  •:  I:..  dlur.ic'elMk  expansion  velocity  Is  largely  lllde- 

;  •  -r- si-  pp  ■■  'Ik  number  of  pi.  !;  species  produced  in  a  given 
s'.  :  .-p  He.  '>  is  ihe  sealing  factor.  and  the  remainder 

-  .;v  hi  .i.-sc.-iK-s  the  spalial  and  leinporal  shape  of 

'  iv  ;- 1  isii.a  I  .  -r  -  lie  plasma  under  .  -  insider  alien,  k.  has  been 
ip-.- 1- .-.!  and  is--.|  .ai  2.  while  A.,  is  taken  to  he  1  Using 
■hi.-  ’:.i>p.!  'irna!;on  appluable  this  geometry. 

V  ■:  /  7  .  (7) 

A  ,/A 

•a  /  is  the  d:-'.i;a  e  In  nil  the  laser  to  the  large!.  Lcj  (  1  ) 


v  2/ 


(  s  I 


1  HP.  'h-.-  ■‘rails!  H  rr ;  i'H  Hi 

A  '  I  -  I  ;  'll:  "  ■  :  i  /  s'  1  4  , 

e  :  p'1  •  :P  »ri;._  I  ,  -he  . 1 1 1 _•  i'll  . ; 1 1 ,  .  - 1 ■  1 1  :  s  ; s ;  1 1  ts \ 

1  \  ■  Z  A 


/ 


'  '  i 


t  / 


I  II  I.  4  .1  !’  ‘s|[  ;•  ■!!  si.  li  s.  ,j  .  -i;  1  p,i* 

■  ]k .  i-  ■  ;i|,i-nu.  a  fi!i‘i.  tfi •» c 

.  iifsi.  >m  i s  4-1;-  v  •  lu  uM.ti  I'.irtk  ids 

1  i.:hi  .iltciiuiil i« »n  i n  uva!  hi  'unit 

>Li;vim n\  tin-  h'iivii  \r  (»mi 

in  trnxs.tsc  ''  -VWA. 

■  klf  ■  ■!  the  i  isc r  puK'.- 


lienee,  the  e\pansion  velocity  lor  each  species  can  he  deter¬ 
mined  from  the  liming  ol  the  peak  dellee'.p-::  due  lo  ilia! 
species,  and  using  that  velociiv  m  Ho  <  !!!;.  ihe  nuuiher  ol 
each  species  produced  bv  the  laser  is  given  by 


■V, 


,y,  fTcxr‘ 
'  1(1 


z 

A  k 


/ 

1.45  ,y> 

A  k 


vv here  p  ihe  peak  angular  delleclion  lor  each  species 
An  example  oft  he  expenmenlal  data  is  shown  in  hig  4 
In  this  case,  the  orientation  of  the  detector  is  such  that  the 
plasma  electrons  produce  a  positive  deflection,  while  the 
neutral  particles  produce  a  negative  deflection  >  <  >n  shots 
vv  here  the  1  ubv  laser  povs  er  tell  below  the  t  h  resit  old  lor  plas¬ 
ma  production,  onlv  the  negative  deflection  was  observed  , 
I  he  detector  was  mounted  vis  m  from  the  target,  and  the 
detector  sensitiv  it  v  w  as  calibrated  at  4  HmV  ti rad.  how ev  er. 
because  ol  the  large  gradients  involved,  light  attenuating 
tillers  w  ere  used  in  front  of  the  detector  to  derate  the  sensitiv  - 
itv  lo  (i  so  mV  //rad  l  or  this  particular  shot.  /  0  142 

cm  One  sees  that  the  initial  plasma  peak  is  distinct  from  the 
later  neutral  peak,  and  that  the  plasma  velociiv  is  sigmticant- 
Iv  higher  than  the  neutral  velociiv.  Using  l;.qs  ill)  and 
i  I  2  ).  one  finds  that  the  characteristic  \  clocities  are  r  ,  3.0 

cm  us  .md  r  0.42  cm  /is.  w  hile  the  number  of  particles 
produeerl  bv  the  laser  are  A  ,  5.04  ■  10".  and 

A  ,.  3  -  10"  The  latter  data  correspond  to  peak  densi¬ 

ties  along  the  path  of  the  probe  laser  of  n  b.3  ■  1  ( ) ' ' 
em  ‘and«...;  7.3-  It)1  cm  '  for  the  plasma  and  the  neu¬ 

tral  particles,  respectively  These  data  are  consistent  with 
I  aradav  cup  measurements  of  charged  particles'  and  esti¬ 
mates"!  plasma  density  obtained  spectroscopically  as  well 
as  neutral  particle  density  estimated  from  the  si/e  of  the  hole 
bored  m  the  target  bv  the  ruby  laser 
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Microscopic  and  Macroscopic  Material  Property 
Effects  on  Ultraviolet-Laser-Induced  Flashover 
of  Angled  Insulators  in  Vacuum 

U  L.  ENLOE  AM)  RONALD  M.  GILGENBACH.  mi  mhik.  im  i 


instruct—  Flashover  of  elect ricallv  stressed  polymeric  insulators  in 
\ auium  has  been  induced  l>>  ultraviolet  radiation  from  an  excimer  laser 
ikrFi.  Mashover  behavior  is  a  relatively  strong  function  of  integrated 
11  iience  up  to  the  time  of  flashover  initiation,  and  virtually  independent 
of  applied  power  or  pulse  time.  Flashover  is  induced  bv  moderate  flu- 
ence  i  10-150  m,|  cm*  I  of  intense  (0.4-6  MW  enr  )  ultraviolet  at  248 
nm  at  electric  field  stress  considerably  below  the  static  breakdown 
stress.  The  critical  fluence  required  to  initiate  flashover  is  a  function 
of  the  electric  held  stress,  the  insulating  material,  and  the  geometry  of 
the  dielectric  vacuum  interface.  The  unconventional  insulator  geome¬ 
try  (in  which  electrons  are  accelerated  toward  the  insulator  surface)  is 
more  tolerant  than  the  conventional  geometry  bv  nearly  a  factor  of  2 
in  fluence.  Insulator  materials  tested  were  polyethylene,  polystyrene, 
acrylic,  nv Ion-6,  acetal.  P\  (  .  and  teflon.  The  critical  fluence  is  cor¬ 
related  to  the  microscopic  and  macroscopic  material  properties;  results 
show  that  insulating  materials  with  high  dielectric  constants  and  low 
secondary  electron  emission  coefficients  exhibit  superior  tolerance  to 
ultraviolet  radiation.  Of  the  materials  tested,  nvlon  exhibited  the  high¬ 
est  critical  fluence  in  both  the  conventional  and  the  unconventional  ge¬ 
ometries.  V  theory  of  ultraviolet-induced  insulator  flashover  is  devel¬ 
oped. 


I  |\ IRODI  Cl  ION 

THE  PHENOMENON  of  flashover  at  the  electrically 
stressed  interlace  of  a  solid  dielectric  and  vacuum  has 
been  well-characterized  |1)-|7).  although  investigations 
continue  into  the  mechanisms  involved.  It  is  an  important 
phenomenon  to  understand,  since  the  dielectric  vacuum 
interface  is  electrically  weaker  than  either  the  dielectric 
or  the  vacuum  gap  alone  and  hence  may  he  the  limiting 
element  in  a  high-voltage  power  transport  system.  Nu¬ 
merous  (actors  affect  the  flashover  of  insulators  in  vac¬ 
uum.  including  the  composition  ot  the  dielectric  material 
[6|.  insulator  surface  conditioning  and  modification  [4|- 
(Il|.  and  the  time  history  of  the  voltage  pulse  (whether 
nanosecond  or  microsecond  duration  or  dc.  unipolar  or 
bipolar)  |ll|.  1 1 3 1  |15|.  but  the  chiel  factor  in  determin¬ 
ing  insulator  flashover  performance  is  the  geometry  of  the 
dielectric  vacuum  interface  |3|  |7|.  [I6| 

A  large  number  of  insulator  and  electrode  geometries 

\  tir  h  ■  .  r  if  r..-.,  i  .  -.  !  V-pk'inlicr  21.  I')-'",  ft/v  im.n1  i  tnu.irv  2”.  llJXX 
In  a  '  ■ »  a  i  -.iippi  >rlf»l  ;n  par!  by  thr  N.ii|<*ru!  SvKtuc  1«  •uritl.it  mil .  flu* 
1  rl-  Vr.  t  Pi.-  .iMfi,  !i  !Ik-  \  i  r  fur..  L  ( )lfiv  e  ••!  Sv  icntifk  Research,  aiuf 

Mu'  *  IS!  (  1  I  f:-:-  -  ,  Mjpp.HU-.j  b,  \|  |  |  (  |R| ) 

[  •■  . . i ■  i :  i ■  A  tif  Uu-  Hufim-  i  Fieiev  lie. on  Intct.k  lion  I  abiual"rv 

I)  ;  ■  i  ■  i  ■»  .-  \  i  *  Ni  ..-.r  |  I'.-iriM-iiiic  I  nr.ii-iiy  .-I  Mi.  hi  ran.  Ann  Arbor. 

MI  . .  1  :•»; 

INI  i  V  \  r  ber  ! 


have  been  investigated  |16|.  hut  the  most  common  in  ap¬ 
plication  is  the  plane  insulator/vacuum  interface  between 
plane  parallel  electrodes.  In  this  configuration,  flashover 
strength  is  a  strong  function  of  the  acute  angle  6  between 
the  insulator  surface  and  the  normal  to  the  electrode  sur¬ 
faces  (  —90°  <  9  <  90° ).  A  wide  variety  of  dielectric 
materials,  including  polymers,  glasses,  metal  oxides,  and 
composites,  exhibit  similar  behavior;  flashover  strength  is 
at  a  minimum  for  9  =  0°  and  has  two  maxima  at  9  ~ 
±45°  |3]-[6).  Since  flashover  strength  is  typically  greater 
for  6  =  +45°  than  for  6  =  -45°.  the  positive  angle  con¬ 
figuration  is  conventionally  employed.  The  sign  conven¬ 
tion  is  illustrated  in  Fig.  1.  For  9  >  0.  electrons  origi¬ 
nating  on  or  near  the  insulator  surface  are  accelerated 
away  from  the  insulator  surface,  while  for  9  <  0  they  are 
drawn  toward  the  insulator  surface.  Note  that  because  of 
the  presence  of  the  dielectric,  the  angle  9h  between  the 
local  electric  field  and  the  insulator  surface  is  in  general 
neither  equal  to  6  nor  constant  over  the  surface  of  the  in¬ 
sulator.  The  local  electric  held  may  be  significantly  al¬ 
tered  by  the  presence  of  charge  on  the  insulator  surface. 

The  flashover  performance  of  polymeric  insulators  in 
vacuum  is  seriously  degraded  if  the  dielectric/vacuum  in¬ 
terface  is  exposed  to  ultraviolet  radiation  while  voltage  is 
applied  |17|-|21],  Unlike  visible  light,  ultraviolet  radia¬ 
tion  penetrates  a  very  short  distance  into  the  surface  of  a 
polymer  [22].  so  that  interaction  products  (electrons  and 
neutral  particles)  arc  readily  ejected  into  the  vacuum. 
Flashover  has  been  induced  over  angled  insulators  ex¬ 
posed  to  modest  fluence  (  10-150  mJ/cnr  )  of  intense 
(0.4-6  MW /enr  )  ultraviolet  radiation  even  at  low  elec¬ 
tric  field  stress  (  10-80  kV/cm).  Further,  the  reverse  of 
the  behavior  one  might  expect  is  observed— insulators  at 
negative  angle  are  more  tolerant  to  ultraviolet  illumina¬ 
tion  than  arc  insulators  at  positive  angle. 

In  this  work,  we  present  the  results  of  an  experiment 
which  I)  quantifies  the  effects  of  ultraviolet  illumination 
on  polymeric  insulators.  2)  characterizes  in  detail  ultra¬ 
violet-induced  flashover  over  insulators  at  positive  and 
negative  angles,  and  3)  correlates  microscopic  and  mac¬ 
roscopic  material  properties  to  flashover  behavior.  A  the¬ 
ory  of  ultraviolet-induced  insulator  flashover  is  devel¬ 
oped.  w  hich  explains  the  unexpected  v  ariation  of  Flashov  er 
strength  w  ith  geometry  in  v  iew  of  the  current  understand¬ 
ing  of  flashover  in  vacuum. 
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Fie.  -  Fxperimental  configuration  (<n  Calorimeter  f/>)  Quart/  lens  (cl 
PlaMic  attenuators  (</ 1  F.xctmer  laser,  (ci  Quart/  window  </)  Optional 
collimator  i.m  Top  electrode  //>>  lom/ation  itauee.  (/>  Slip  sea).  (  j) 
Sc  re  vs  thread  adjustment  ik  i  Bottom  electrode.  (/ )  Vacuum  feedthrough 
mi)  Adjustable  feet,  (mi  Turhonru/ecu/ar  pump,  (a)  Carbon  aperture 


II.  ExPt-.RIMI  STA1.  CoVHC.l'RATIOS 

The  present  configuration  of  the  experiment  has  been 
described  in  detail  elsewhere  121],  and  is  illustrated  in 
Fig.  2.  The  apparatus  consists  of  an  illumination  source 
(a  rare  gas  exeimer  laser  and  associated  optics),  a  test 
chamber,  and  various  diagnostics.  For  data  presented 
here,  the  laser  is  operated  with  KrF  (  248  nm ).  delivering 
a  maximum  of  1 .0  J  over  60  ns  with  a  24-ns  FWHM.  The 
pulse  shape  is  the  same  for  all  shots:  however,  the  beam 
was  typically  attenuated  by  passing  it  through  several 
thicknesses  of  absorbing  film.  The  laser  produces  a  uni¬ 
form  rectangular  beam  which  is  imaged  onto  the  surface 
of  the  insulator  sample  under  test,  so  that  the  surface  is 
uniformly  illuminated  from  the  anode  triple  point  to  the 
cathode  triple  point,  hut  without  illuminating  the  elec¬ 
trode  surfaces. 

A  quart/  window  allows  laser  light  to  enter  the  test 
chamber  The  test  chamber  is  evacuated  to  <1.0  x  10  4 
tnrr  A  turbomolecular  pump  is  employed  to  minimize 
backstreaming.  since  previous  results  indicated  that  im¬ 
purities  could  significantly  alter  ultraviolet-induced  flash- 
over  performance  [ 20 j  The  insulator  sample  under  test  is 
held  between  two  brass  electrodes.  The  electrodes  may  be 
configured  as  part  of  a  charged  particle  collector,  as  shown 
m  Fig  2(a).  to  study  charged  particle  emission  under  ul¬ 
traviolet  illumination  in  the  absence  of  applied  high  volt 
age  typically,  (he  electrodes  tire  configured  as  is  shown 
in  Fig  +  b).  with  a  capacitive  voltage  monitor  and  a  Ro 


gowski  coil  to  monitor  voltage  and  current,  respectively, 
in  the  interelectrode  region.  The  chamber  also  allows  ac¬ 
cess  parallel  to  the  insulator  surface  so  that  the  flashover 
event  may  be  photographed  or  neutral  particle  emission 
monitored.  The  latter  is  accomplished  through  a  laser  de¬ 
flection  technique  which  has  been  described  in  detail  else¬ 
where  1 23  ] . 

Insulator  samples  with  0  =  +45°  have  been  tested. 
Materials  under  test  are  polyethylene,  polystyrene,  acrylic 
(polymethylmethacrylate,  specifically  Lucite),  nylon 
(specifically  nylon-6  or  poly  caprolactam),  acetal  (specif¬ 
ically  Delrin).  teflon  (tetrafluoroethylene).  and  PVC 
(polyvinylchloride).  The  chemical  formulas  for  each  of 
these  materials  are  shown  in  Fig.  4.  The  first  two  are  sim¬ 
ple  hydrocarbons,  the  last  two  are  polymers  containing 
halogens,  while  the  remaining  three  are  more  complex 
polymers  containing  oxygen  and  nitrogen.  A  maximum  ol 
25-kV  dc  may  be  applied  to  the  electrodes,  which  corre¬ 
sponds  to  78  kV/cm  across  a  0.318-cm  sample.  This  is 
far  below  the  dc  flashover  electric  lield  at  either  angle  for 
most  materials  tested  |5|.  Nevertheless,  flashover  is  read¬ 
ily  induced  over  till  materials  when  ultraviolet  illumina¬ 
tion  is  applied. 

111.  Microscopic  Characi  pri/amon 

bach  insulator  material  was  tested  for  its  response  to 
ultraviolet  illumination  without  applied  high  voltage 
Fmission  ol  electrons  and  neutral  particles  was  quantified 
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as  a  function  of  laser  energy  or  ftuenee.  The  behavior  of 
the  insulators  under  ultraviolet  illumination  presented  in 
this  work  indicates  that  lluenee  or  energy  is  the  critical 
quantile  determining  flashover  initiation. 

I  Charm'd  Panicle  Emission 

With  the  electrodes  configured  as  a  charged  particle 
collector,  since  the  RC  decay  time  ol  the  circuit  is  large 
compared  to  the  collection  time  tor  the  electrons,  the 
charge  collected.  Q,  is  found  from  the  peak  output  signal 
l\  trom  the  simple  relation  |24| 

q  -  vrc  1 1 1 

where  (  is  the  capacitance  of  the  circuit,  which  is  readily 
obtained  from  the  PC  decay  time  of  the  signal  and  the 
circuit  resistance  K  It  is  necessary  to  apply  a  small  elec¬ 
tric  'eld  to  the  sample  to  sweep  the  electrons  into  the  an¬ 
ode.  \  field  of  approximately  51)  V  cm  is  sufficient  to 
accomplish  this.  (The  applied  voltage  was  increased  until 
the  charge  collected  was  independent  of  voltage.) 

I  he  charge  emitted  from  the  insulator  surface  during 
laser  illumination  as  a  function  of  ultraviolet  energy  de¬ 
posited  is  shown  in  big  5.  Photocmisxion  is  higher  for 
insulator  samples  which  have  not  been  previously  ex¬ 
posed  to  ultraviolet  illumination  than  for  conditioned 
samples  1  xposure  to  ten  pulses  ol  lOO-mJ,  cm  lluenee 
o  siillicient  to  condition  each  ol  the  materials  considered, 
and  all  data  shown  here  are  tor  conditioned  samples  Pbo 
toemixsion  is  highly  nonlinear  in  pulse  energy  :  especially  . 
below  a  certain  threshold  energv  .  it  is  negligible  Pho 
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toemission  is  lowest  for  simple  hydrocarbons,  highest  tor 
polymers  containing  halogens,  and  somewhere  between 
these  bounds  for  more  complex  polymers 

The  bandgap  between  the  valence  band  and  the  vacuum 
level  is.  for  most  polymers,  approximaielv  l)  eV  J  be 
photon  energy  at  KiT  wavelength  is  5  eV  Therclore.  anv 
photoiom/ation  must  take  place  via  a  multiphoton  inter 
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action.  All  ot  the  materials  under  consideration  fluoresce 
under  krl  laser  illumination;  further.  the  tluorescence 
persists  lor  main  tens  ot  nanoseconds  alter  the  end  ot  the 
laser  pulse  This  implies  that  there  are  stales  in  t he  hand 
gap  region  which  mat  lv  excited  In  the  ultraviolet  radia¬ 
tion  . ; 1 1 d  subsequent!)  ionized  [25].  Since  the  shape  of  the 
output  tluorescence  pulse  will  he  a  convolution  ot  the  in¬ 
put  laser  pulse  and  the  exponential  decay  ot  the  excited 
states,  comparing  the  input  pulse  vv  idlh  to  the  output  pulse 
width  v  iclels  a  lifetime  ot  approximate!)  13  ns.  which  is 
a  siemncant  traction  ot  the  input  pulse  width.  Hence,  a 
two  step  photoiom/ution  event  is  plausible.  Re.  6  is  the 
result  ot  modeling  the  two-step  ioni/ation  process  with 
three  coupled  rate  equations.  Three  populations  are  con¬ 
sidered  the  ground  state  n,„  the  excited  state  h*.  and  the 
iom/ed  state  n  The  equations  were  solved  numerical!) 
with  all  units  normalized.  The  result  is  similar  to  the  ex¬ 
perimental  results  in  that  li  at  very  low  pulse  energy . 
photoiom/ation  is  negligible,  since  the  probability  ot  a 
photon’s  interaction  with  an  excited  electron  is  small.  2) 
at  moderate  pulse  energy,  photoioni/.ation  increases  rap¬ 
idly  as  the  intermediate  state  is  populated,  and  3)  at  high 
pulse  energy ,  the  increase  in  ionization  w  ith  fluence  is 
reduced  as  the  process  becomes  saturated.  Clearly  ,  the 
results  ot  the  simple  model  do  not  match  the  experimental 
results  exactly,  but  a  real  polymer  is  unlikely  to  be  such 
a  simple  system  Comparing  the  major  features  supports 
the  hypothesis  that  two-step  photoioni/.ation  is  indeed  the 
active  process.  Photoemission  due  to  three  or  more  pho¬ 
tons  can  be  discounted,  because  lower  energy  visible  light 
photons  do  not  cause  significant  tluorescence.  which  im¬ 
plies  that  their  energy  is  too  low  to  excite  the  intermediate 
states. 

H  Xcittral  Panicle  Emission 

By  observing  the  deflection  of  a  He-Ne  probe  laser  [23). 
and  by  making  certain  assumptions  about  the  profile  of 
the  expanding  neutrals,  the  neutral  emission  from  the  in¬ 
sulator  surface  may  be  determined.  One  may  show  that  if 
V  particles  are  emitted  from  a  surface  area  A  with  a  Max¬ 
wellian  velocity  distribution,  then  the  neutral  emission  is 
related  to  the  peak  angular  deflection  of  the  probing  laser 
beam  /<>,,  bv  1 23 1 
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deflection  occurs  |23); 


(3) 


where  I)  is  the  path  length  of  the  probe  laser  through  the 
neutrals,  v,,  is  the  distance  of  the  beam  away  from  the 
surface,  and  At',,  is  a  constant  relating  the  change  in  index 
of  refraction  to  the  neutral  density  ;  K„  =  1.03  X  10  ' 1 
cm  fur  He  Ne  laser  light  Since  the  presence  of  neutrals 
is  a  positive  perturbation  in  the  index  of  retraction,  while 
the  presence  of  electrons  is  a  negative  perturbation,  it  is 
easily  verified  from  the  sign  of  bo  that  the  deflection  is 
caused  by  neutral  emission  The  average  expansion  ve¬ 
locity  mav  be  found  from  the  time  z,  at  which  the  peak 


This  analysis  is  valid  if  /  »  r.  the  w  idth  of  the  laser 

pulse.  For  this  experiment,  with  .v,,  =  I  min.  =  I  /ts. 
and  r  =  60  ns.  the  analysis  is  indeed  applicable. 

Neutral  emission  per  unit  area  of  the  insulator  surface 
as  a  function  effluence  deposited  is  shown  in  Fig.  7.  The 
data  are  consistent  with  those  found  in  the  literature  1 26] . 
obtained  from  measuring  the  ablation  of  the  insulator  sur¬ 
face  over  many  shots.  Below  a  particular  threshold  flu¬ 
ence  which  varies  with  material  (on  the  order  of  100 
mJ/cnr).  neutral  particle  emission  is  negligible.  In 
studying  flashover  behavior  under  high  voltage,  the  ultra¬ 
violet  fluence  was  typically  kept  below  this  threshold 
value;  thus,  neutral  particle  effects  do  not  play  a  signifi¬ 
cant  role  in  the  results  presented,  except  perhaps  a  very 
low  field  stress  (  -  10  kV/cnt)  where  the  fluences  re¬ 
quired  to  initiate  flashover  are  high. 

IV.  Flashover  Behavior  Undi  r  Ultraviolet 
Illumination 

A.  Observations 

To  determine  the  flashover  behavior  of  insulators  under 
ultraviolet  illumination,  dc  high  voltage  is  applied  to  the 
electrodes  and  the  insulator  surface  is  illuminated  by  a 
single  pulse  of  cxcimcr  laser  light.  The  laser  beam  is  im¬ 
aged  onto  the  insulator  so  that  the  laser  uniformly  illu¬ 
minates  the  insulator  surface  from  the  anode  to  the  cath¬ 
ode;  however,  the  electrode  surfaces  themselves  are 
unilluminated.  The  beam  has  a  cross-sectional  area  A  and 
a  total  pulse  energy  F.  Although  the  electric  field  E  is  not 
uniform  in  space,  the  electric  field  stress  E  listed  in  the 
data  is  simply  taken  as  E  =  V / L.  where  V  is  the  applied 
voltage  and  E  is  the  thickness  of  the  insulator  sample. 
Numerical  solutions  to  the  Poisson  equation  which  show 
the  potential  distribution  in  the  interelectrode  region  will 
be  presented  later  in  this  article. 

Current  and  voltage  in  the  interelectrode  region  are 
monitored  as  the  ultraviolet  illumination  is  applied.  Typ- 
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i c u I  data  arc  shown  in  Fig.  8.  Although  significant  pre¬ 
breakdown  activity  is  evident,  flashover  is  identified  as 
the  discontinuity  in  the  voltage  and  current  indicating  the 
sudden  collapse  of  the  impedance  in  the  gap.  With  time  f 
-  0  taken  as  the  start  of  the  laser  pulse,  the  time  tf  at 
which  flashover  occurs  is  noted.  In  these  experiments,  the 
laser  beam  is  attenuated,  reducing  8.  and  again  ^  is  noted. 
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l  ie  K.  Sample  data,  all  traces  20  ns  dis  r a i  Laser  pulse  .  (b)-fdi  Voltage 
topi.  0.35  kV  d i v :  current  (bottom).  0.44  A  di\ .  dc  charge  voltage  12 
-V  ih»  Strongly  induced  Hashmer.  ( c >  Weakly  induced  flashover.  (dl 
Stable. 

As  more  attenuation  is  added,  tf  increases  until  flashover 
is  no  longer  observed  (tf  =  oo  ). 

The  prebreakdown  current  /(f)  is  nearly  proportional 
to  the  illumination  intensity  f(t),  and  the  flashover  event 
may  be  roughly  characterized  according  to  the  prebreak¬ 
down  current  behavior  as  1)  strongly  induced  flashover. 
in  which  both  I(t)  and  /  (f)  increase  continuously  until 
flashover  occurs.  2)  weakly  induced  flashover.  in  which 
/(/)  and  /'(/)  reach  a  maximum  and  are  actually  decreas¬ 
ing  at  the  time  of  flashover.  or  3)  stable,  in  which  no 
flashover  is  observed,  even  though  /'(f)  is  not  zero  during 
the  illumination  pulse. 

There  is  no  correlation  of  the  time  of  the  flashover  event 
with  either  the  instantaneous  value  of  the  illumination  in¬ 
tensity  or  the  prebreakdown  current.  Depending  on  the 
pulse  energy  8.  flashover  is  observed  with  equal  regular¬ 
ity  on  the  rising  as  well  as  the  falling  edge  of  the  illumi¬ 
nation  pulse,  even  late  in  time  when  the  illumination  is 
significantly  less  than  its  peak  value.  Flashover  occurring 
after  the  illumination  ceases  entirely,  however  ( t,  >  t), 
is  rare,  observed  in  fewer  than  1  percent  of  the  flashover 
events.  This  simple  observation  leads  to  the  conclusion 
that  it  is  ultraviolet  fluence,  rather  than  power  density, 
which  governs  the  initiation  of  flashover.  If  there  were  a 
critical  power  density  required  to  initiate  flashover.  then 
that  power  density  would  be  achieved,  if  at  all,  on  the 
rising  edge  of  the  illumination  pulse  first,  and  flashover 
would  be  observed  on  the  rising  edge  of  the  pulse,  or  not 
at  all.  Since  flashover  is  indeed  observed  even  late  on  the 
falling  edge  of  the  pulse,  fluence.  rather  than  power  den¬ 
sity.  must  be  the  determining  quantity. 

B.  Analysis 

The  normalized  pulse  shape  /(f)  of  the  ultraviolet  il¬ 
lumination  and  its  integral,  which  are  the  same  for  all 
shots,  are  shown  in  Fig.  9.  The  normalization  is  that 

f(t)dt=  1.  (4) 
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T  hus  for  any  time  t.  the  instantaneous  illumination  inten- 
sit>  /in  can  be  expressed  in  terms  of  the  pulse  energv  8 
and  the  cross-sectional  area  A  of  the  beam,  and  is  defined 
to  be 
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while  the  fluence  deposited  at  time  t.  F(t).  is 

Fit)  =  (  l(t')  dr'  (6) 
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J  ji*  10  Hushovcr  behavior  t'l  a  tingle  material  tpokethvlene.  conven¬ 
tional  configuration!  at  constant  electric  held  stress  it.  -  5d  kV  cum 
Solid  line  time  to  Hash  as  a  lunclion  o|  total  lluence  (puke  en*rg>  di 
v  uled  h\  illuminated  areal  Hroken  line:  critical  fluence  i  fluence  at  the 
time  of  llashoveri  as  a  function  ot  total  fluence  The  critical  lluence  is 
nearl>  constant,  although  the  total  lluence  varies. 

pulse  energy  8.  the  critical  lluence  at  which  Hashover  oc¬ 
curs  remains  essentially  constant. 

The  critical  lluence  is.  however,  a  strong  function  of 
the  insulator  geometry  and  (he  electric  field  stress.  Insu¬ 
lator  samples  were  tested  over  a  range  of  electric  field 
stress  from  10  to  80  kV  /cm  in  both  conventional  and  un¬ 
conventional  configurations.  The  critical  fluence  is  dis¬ 
played  in  Fig.  1 1  as  a  function  of  electric  field  stress  for 
each  of  the  insulator  materials  tested  in  both  conventional 
and  unconventional  configurations.  Several  trends  are  ev¬ 
ident:  1)  the  critical  fluence  decreases  with  increasing 
electric  lield  stress  for  E  <  40  kV/cm.  2)  the  critical 
fluence  is  approximately  constant  for  E  >  40  kV/cm. 
and  3)  the  unconventional  configuration  is  more  tolerant 
to  ultraviolet  fluence  by  nearly  a  factor  of  2  in  fluence. 
except  'or  some  materials  at  very  low  field  stress  and  cor¬ 
respondingly  high  fluence. 


From  14).  it  follows  that  the  total  fluence  is  simply  F(t) 
=  8  A.  However,  it  is  clear  that  any  ultraviolet  illumi¬ 
nation  of  the  surface  after  flashover  occurs  can  have  no 
effect  on  the  process  of  flashover  initiation.  Therefore,  it 
is  the  fluence  deposited  at  the  time  of  flashover  F(tf) 
which  is  appropriate  to  consider  in  investigating  the  ini¬ 
tiation  process 

The  results  show  n  in  Fig.  10  are  typical  of  the  phenom¬ 
enon  of  induced  insulator  flashover.  As  the  total  fluence 
Ft  t  i  tor  equivalently .  the  pulse  energy  8)  decreases,  the 
time  to  flash  t,  increases,  as  shown  in  Fig.  10.  However, 
it  appears  that  there  is  a  critical  value  of  the  fluence  F, 
which  governs  the  initiation  of  flashover  by  ultraviolet  il¬ 
lumination,  irrespective  of  the  illumination  intensity. 
Specifically  .  it  the  total  fluence  Ft  t  )  <  F, .  then  flashover 
is  not  induced  although  some  current  may  he  observed  in 
the  interelectrode  region.  If  Ft  r)  >  F, .  then  flashover  is 
induced  at  a  time  t,  such  that  Ft  t,  )  =  F,  This  is  illus¬ 
trated  in  Fig  10,  which  sh  ws  that  as  the  total  fluence 
Ft  t  )  is  changed  by  nearly  a  factor  of  10  by  changing  the 


C.  Correlations 

The  critical  fluence  at  high  electric  field  stress  (the  con¬ 
stant  portion  of  each  of  the  curves  in  Fig.  I  i)  displays 
various  degrees  of  correlation  to  the  macroscopic  and  mi¬ 
croscopic  properties  of  the  insulating  materials.  Neutral 
particle  emission  characteristics  can  be  eliminated  as  a 
cause  of  ultraviolet-induced  insulator  flashover  at  high 
field  stress,  since  the  fluence  involved  is  too  low'  to  pro¬ 
duce  significant  neutral  emission.  Neutral  emission  may 
be  a  cause  of  the  crossover  in  some  of  the  curves  in  Fig. 
1 1  at  high  fluence. 

The  critical  fluence  is  only  weakly  correlated  to  the 
electron  photoemission  shown  in  Fig.  5.  although  to  a 
slight  degree  the  more  readily  a  material  emits  photoelec - 
Irons,  the  less  tolerant  it  is  to  ultraviolet  radiation.  The 
critical  fluence  shows  a  much  greater  correlation  to  sec¬ 
ondary  electron  emission,  as  in  Fig.  12.  The  secondary 
electron  emission  coefficient  K  is  that  adopted  by  Burke 
1 27),  who  found  that  for  many  polymers  the  secondary 


f  Mi  \(  H  MIX 


''■Mil  !  I  \  ^ )  K  !  \  ; » !  M  I  1  I  j  \  n  i !  I  "i  i  :  ■  •  ‘ -  I 

-  -  '  ’  60  • 


hi 


160  - - 

MO  - 


(K> 

I  ■  i  lt  II  (  rnital  11  ik’ ncc  requ  ncil  to  in  Hi. Mr  tlashoici  .is  .t  tuiu  1 1*  »n  «M  elec 
iru  1 1 cl 1 1  stress  .mil  insulating  niiitcn.il  f.ii  f’olyethv  lenc  (hi  I’olwc 
re  no.  (ci  Acrylic  (d)  Nylon  (cj  Acetal.  (I  )  Teflon.  (£)  PVC 


JL-  - 

sc  - 


•  4i 1  K  \  .  xvv!>n,i.,:  . 

lir.-kv  ■:  'n;>'  p.  .;:u'K 

•  -n  r.v-j.il.  .  i  r:  i  ••  liiKfir.  w'f? 


!  '  <  f.Tk.1.  t ’ i i c *  1  >. 40  kV  v  in  :  '•ei'.ils  icKitnc  vlickvtriv.'  con 
.mi  I-*!  ,ii.  !*;.•» •ti-'*  t •  ■  s,i .•< }  Hr-4cn  lino  poMtivc-jfii!lc  'oomcntionah 
•  n ■ . .’ii.Mf a >n  S'  !•  !  :k  noo.tt i\ o  anjilc  < iinc'm cntinn.il )  ^onliiiuralion 


I  \Hl.h  I 

S'  V  1)5!.  it  >k!'  !*!■?«  -it  \  II  s 


electron  yield  follows  a  universal  curve  and  scales  as 

oi  /•„,)  ki:,,  17) 

where  /■„,  is  the  impact  energy  of  the  primary  electron. 
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Again,  the  more  readily  a  material  emits  secondary  elec 
irons,  the  less  tolerant  n  is  to  ultraviolet  radiation  I  lie 
critical  tluence  also  shows  a  positive  correlation  to  the 
dielectric  constant  of  the  material,  as  in  Fig.  13  1  he 

greater  the  dielectric  constant,  the  more  tolerant  the  m.i 
te rial  is  to  ultraviolet  radiation  The  properties  of  each  ot 
the  insulating  materials  arc  summarized  in  Table  I 

\.  Tiiiokv  nt  Id  t  k  w  a  in  t -Km  rt  i>  Kst  i.ai<>k 
Ft  vsttov  i  k 

The  observations  and  analysis  of  the  phenomenon  ol 
ultraviolet-induced  insulator  tlashovcr  point  to  a  part icu - 
lar  mechanism  of  tlashovcr  initiation.  To  summarize  the 
results,  ultraviolet-induced  tlashovcr  depends  neither  on 
the  instantaneous  value  ol  the  intensity  of  the  ultraviolet 
illumination  nor  on  the  prebreakdown  current,  but  rather 
on  the  time-integrated  ultrav  iolet  tluence  on  the  insulator 
surface.  The  critical  tluence  required  to  initiate  tlashovcr 
is  a  function  of  the  insulator  material,  and  is  less  in  the 
positive-angle  (conventional)  configuration  than  in  the 
negative-angle  (unconventional)  configuration  by  approx¬ 
imately  a  factor  of  2.  The  critical  tluence  increases  with 
increasing  dielectric  constant  and  decreases  with  increas¬ 
ing  secondary  (and  to  a  slight  degree,  primary)  electron 
emission. 

The  ev  idence  indicates  that  the  effect  of  the  ultrav  iolet 
illumination  is  to  prepare  the  dielectric/vacuum  interface 
by  causing  a  buildup  of  surface  charge,  making  it  more 
susceptible  to  tlashover  than  the  unilluminated,  un¬ 
charged  state.  The  tlashover  event  itself  is  quite  distinct 
from  the  prebreakdow  n  phenomenon;  the  time  scale  of  the 
former  is  on  the  order  of  1  ns.  while  the  time  scale  of  the 
latter  is  tens  of  nanoseconds.  If  this  disparity  were  due 
entirely  to  some  formative  time  lag,  then  one  would  ex¬ 
pect  to  regularly  see  tlashover  occurring  a  significant  time 
after  the  end  of  the  illumination  pulse.  In  fact,  such  events 
are  rare.  Also  consistent  with  this  inference  is  the  obser¬ 
vation  that  tluence.  independent  of  illumination  intensity, 
is  the  quantity  which  determines  tlashover  behavior. 

The  geometry-dependent  behavior  of  the  tlashover 
strength  of  vacuum  insulators  without  ultraviolet  illumi¬ 
nation  has  been  well  established  by  Watson  |3|  and  Mil- 
ton  1 5 1 .  among  others.  Their  results  are  familiar  and  have 
formed  the  basis  for  most  high-voltage  vacuum  insulator 
designs  in  practical  systems.  Their  results  show  that  Hash- 
over  strength  is  maximum  near!)  =  +45°  and  minimum 
near  0  =  0".  and  that  in  general  the  local  maximum  at 
positive  angle  is  greater  than  that  at  negative  angle.  More 
recently.  Brainard  |28|  has  analyzed  Milton  and  Watson's 
data,  and  has  determined  that  surface  charging  plays  a 
significant  role  in  the  tlashover  process  for  -30"  <  0  < 
0  but  is  negligible  for  0  =  ±45". 

I  he  theory  ot  surface  charging  of  vacuum  insulators  via 
secondary  electron  emission  is  similarly  well-developed 
1 29]  1 3 1 1 .  For  any  material,  the  secondary  electron  emis¬ 
sion  coefficient  o  is  a  function  of  the  incident  electron  en¬ 
ergy  /•.„.  If  the  local  electric  field  is  such  that  an  electron 
which  is  emitted  from  the  surface  returns  with  an  energy 
such  that  Is) (/-.,,)  >  1.  the  surface  charges  positively.  On 
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'be  oilier  hand.  il  .il/'  i  l  a  stable  situation  results: 
"i.  -a  't.Ke  neithei  earns  nor  loses  charge.  The  local  elec 
;k  tic-lil  is  a  superposition  ot  the  applied  electric  field 
s'liJi  1 1 s e 1 1  is  modified  In  the  polan/ation  charge  in  the 
..eleetik  >  and  the  held  due  to  the  surface  charge  on  the 
as  il.it.  r  l  he  stability  condition  is  equivalent  to  the  re¬ 
finement  that  the  local  electric  field  be  inclined  at  some 
ritual  ancle  H  which  canes  with  material  for  mane  in 
Milatmc  materials.  H  -  M)  |2X|.  w here  the  negative 
-  jii  indicates  that  the  electrons  return  to  the  insulator  stir 
■,ue  It.  n- •electing  surface  charge,  the  electric  field  angle 

s  ercutcr  than  n  las  in  the  conventional  configuration), 
icn  the  stable  surface  charge  distribution  is  positive;  oth¬ 
erwise  (as  in  the  unconventional  configuration)  the  stable 
out. ice  vhaige  density  is  negative  |30|.  By  a  numerical 
s'Muiion  io  cue  Po'sson  eqL.u....n  m  this  case,  using  the 
liaree  simulatii'n  technique  ( 3 2  j » .  it  is  straightforward  to 
-how  that  tor  an  uncharged  interface,  the  electric  field  is 
enhanced  near  the  narrow  end  of  the  insulator,  while  if  a 
s.uthcient  surface  charge  is  present,  the  electric  field  is 
enhanced  near  the  wide  (or  pointed)  end  of  the  insulator. 

I  Ins  effect  is  illustrated  in  Fig.  14  for  the  case  in  which 
",  "  ev  cry  w  here  on  the  insulator  surface.  The  situation 

is  not  entirely  symmetrical:  with  surface  charge  present, 
the  held  enhancement  near  the  wide  end  is  much  greater 
tor  the  conventional  than  for  the  unconventional  config¬ 
uration  Thu  is  readily  explained,  since  in  the  unconven¬ 
tional  configuration,  neglecting  surface  charge,  the  un¬ 
charged  electric  field  angle  is  much  nearer  the  critical 
angle 

If.  however,  surface  charging  is  to  occur  via  secondary 
electron  emission,  there  must  be  a  source  of  primary  elec¬ 
trons  For  H  ~  0  ,  the  cathode  triple  point  is  a  ready 
source  of  primary  electrons.  As  Fig.  15(a)  and  (c)  shows, 
however,  the  cathode  triple  point  is  a  poor  source  of  pri- 
mary  electrons  for  large  values  of  0.  For//  =  +45°.  elec¬ 
trons  miss  the  insulator  surface  entirely  .  For  0  —  ”45°. 
since  n  I  over  the  insulator  surface  and  the  path  length 
along  the  insulator  of  the  electron  trajectories  is  small  (a 
few  microns)  [ 30 1 .  charging  cannot  propagate  from  the 
v. uthode  triple  point  It  is  not  surprising,  then,  that  insu¬ 
lators  at  large  angles,  whether  positive  or  negative,  do  not 
sharge  under  an  applied  electric  field  alone  [28|.  Ultra¬ 
violet  illumination,  however,  provides  a  source  of  elec¬ 
trons  which  is  distributed  over  the  insulator  surface,  as  in 
lie  'ib-  at  id  nil.  rheieloie.  i  i  is  possi  ble  for  the  electric 
Held  configuration  in  the  interelectrode  region  to  be  sig¬ 
nificantly  modified  under  ultraviolet  illumination,  due  to 
charging  of  the  insulator  surface. 

I  lie  magnitude  of  the  surface  charge  required  to  sigmf 
icntitly  affect  the  interelectrode  electric  field  varies  with 
the  dielectric  constant  of  the  insulating  material.  Fig.  lb 
shows  the  dependence  of  the  electric  field  angle  //,.  on  the 
surface  charge  density  for  insulators  of  two  dielectric  con¬ 
stants.  as  determined  from  a  numerical  solution  to  the 
Poisson  equation  (in  this  case,  using  the  code  LAPLACH 
|2‘/|)  The  results  presented  are  tor  uniform  positive  sur¬ 
face  charge  on  a  positively  angled  insulator;  the  results 
arc  analogous  lor  negative  surface  charge  on  a  negatively 
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big  15.  Surf  ice  chargin  ;  for  insulators  at  .*45  is  unlikeK  lai.  ici  unless 
a  source  of  primary  electrons  other  than  emission  from  the  triple  point 
is  available  (b).  (d). 


distance  a'ong  in$u(ator  sur'aca  [normalized  u^’is) 

big  lb  Angle  between  the  electric  held  and  the  insulator  surtaee  as  a 
function  of  position  on  the  surface  and  surface  charge  densitv  Solid  line 
• .  2  Broken  line  * ,  4 

angled  insulator  with  the  sign  of//,  reversed.  The  surface 
charge  density  is  given  in  units  of  the  charge  density  on 
the  vacuum  electrodes.  Treating  the  vacuum  electrodes  as 
a  capacitance,  the  surface  charge  Q  on  an  area  A  of  the 
electrode  surface  is  gist  Q  C  1  .  where  (  is  the  capaci¬ 
tance  of  the  parallel  plate  electrodes  and  I  is  the  applied 
voltage.  Now.  (  -  <,,/1  //..  where  /.  is  the  interelectrode 

distance.  The  surface  charge  density  on  the  vacuum  elec¬ 
trodes  is  then  n(,  -  CV'/A  =  („/■.  since  h  =  V / 1,.  F  ront 
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1  ig .  If),  the  >urtace  charge  density  required  to  modify  the 
electric  held  so  that  0/.  —  O'  is  proportional  to  the  dielec¬ 
tric  constant  ol  the  material,  and  is  on  the  order  of 

~  1  ■  I  8  I 

I  he  magnitude  of  surface  charging  of  insulators  prior  to 
Uasho\er  ma>  he  estimated  from  pn-breakdown  current 
measurements,  for  the  polymers  under  consideration,  2 
<  .,  <  5.  For  F.  =  50  kV .  cm.  o„  ■-  4.4  nC/cnr.  Pre¬ 
hreakdown  currents  observed  are  on  the  order  of  0.5  A 
tor  60  ns.  so  that  the  charge  transferred  in  the  interelec¬ 
trode  gap  is  on  the  order  of  30  nC.  The  illuminated  sur¬ 
face  area  of  the  insulator  is  approximately  1 .5  cm2,  which 
corresponds  to  a  =  20  nC/cnr.  Therefore,  the  condition 
implied  by  (81  is  readily  satisfied  under  ultraviolet  illu¬ 
mination. 

The  induced  surface  charging  theory  of  ultraviolet-in¬ 
duced  insulator  Hashover  in  vacuum  is  consistent  with  the 
observation  that  fluence  is  the  critical  quantity  in  deter¬ 
mining  when  tlashover  occurs.  Since  the  surface  charge 
density  required  to  modify  the  interelectrode  field  is  pro¬ 
portional  to  f. ,.  it  explains  the  dependence  of  F,  on  fr. 
Since  charging  proceeds  by  secondary  electron  emission, 
it  explains  the  dependence  of  F,  on  K  The  explanation  of 
the  fact  that  the  unconventional  configuration  is  more  tol¬ 
erant  than  the  conventional  is  twofold.  As  Brainard  has 
shown  1 28).  if  the  insulator  surface  is  charged,  it  is  the 
conv  entional  configuration  w  hich  is  the  weaker  of  the  two 
configurations.  Also,  since  initially  6  <  1  for  6  =  -45° 
and  effectively  h  =  I  for  0  =  +45°  (all  charges  are  re¬ 
moved  from  the  insulator  surface),  the  conventional  con¬ 
figuration  should  he  more  readily  charged  than  the  uncon¬ 
ventional  this  is  borne  out  by  the  results  shown  in  Fig. 
17.  which  indicate  that  for » he  same  illumination,  the  pre- 
breakdown  current  is  greater  for  the  conventional  than  for 
the  unconventional  configuration.  Field  enhancement  at 
the  w  ide  end  of  the  insulator,  as  is  the  case  for  a  charged 
insulator  surface,  is  also  consistent  with  indications  of  ex¬ 
plosive  emission  at  that  point  from  open  shutter  photo¬ 
graphs  of  the  induced  Hashover  process  [20|. 


VI.  Cost  11  S  IONS 

Ultraviolet-induced  Hashover  over  polymeric  insulators 
m  vacuum  depends  on  the  ultraviolet  fluence  incident  on 
the  insulator  surface.  The  negative-angle  (unconven¬ 
tional)  configuration  is  superior  in  ultraviolet  tolerance  to 
•  he  positive-angle  (conventional)  configuration  by  ap¬ 
proximately  a  factor  of  2  in  fluence.  Insulating  materials 
with  high  dielectric  constants  and  low  secondary  electron 
emission  coefficients  exhibit  superior  ultraviolet  toler¬ 
ance.  A  model  of  ultraviolet-induced  insulator  Hashover 
based  on  induced  charging  of  the  insulator  surface  is  suf¬ 
ficient  to  explain  the  observed  phenomena.  The  ultra¬ 
violet  Huences  required  to  initiate  Hashover  are  suffi¬ 
ciently  low  that  die  contiil.ution  of  neutral  particle  emis¬ 
sion  to  the  initiation  of  Hashover  may  be  disregarded,  ex¬ 
cept  perhaps  at  very  low  field  stress  (  —  10  kV  /  cm  )  where 
the  critical  Huences  required  to  initiate  Hashover  are  cor¬ 
respondingly  higher. 

It  is  important  to  note  that  this  work  was  conducted 
using  a  monochromatic  ultraviolet  source.  Previous  stud¬ 
ies  by  one  of  the  authors  using  a  broad-band  ultraviolet 
source  1 18],  [19]  found  critical  Huences  which  were  much 
smaller  than  those  reported  here.  In  those  experiments, 
however,  there  was  a  significant  component  of  ultraviolet 
illumination  at  wavelengths  shorter  than  the  248-nm  KrF 
laser  line.  At  these  short  wavelengths,  the  penetration 
depth  of  ultraviolet  light  in  the  materials  is  a  strong  func¬ 
tion  of  wavelength  and  decreases  sharply  as  wavelength 
decreases.  Therefore,  shorter  wavelength  ultraviolet 
should  have  a  correspondingly  larger  effect  on  surface 
phenomena,  and  thus  induce  Hashover  more  readily.  The 
previous  measurements  are  therefore  consistent  with  the 
data  presented  here. 
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